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* PREFACE
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the Gulf of' Mexico and Atlantic ocean. The picture was taken by the crew aboard the

Challenger, Flight 41-C.
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* CICAPTER I
* EXECUTIVE SUMMARY

* Experiments from Long Duration Exposure Facility (LDEF) have provided and will

continue to provide valuable information about the performance of space optical materials and

optical sensor design in the space environment. LDEF provided valuable data on the effects

meteoroids and debris, atomic oxygen (AO), contamination, ionizing radiation, vacuum,

• thermal cycling, and solar irradiation have on space optical experiments.

* The principal investigators have not completed testing. One of the maai; impediments

in completing tie reduction is the contamination of the samples. The contamination was a

result of the outgassing and decomposition of materials ol the LDEF spacecraft. To

completely understand and make final conclusions about the impact the space environment

• had on LDEF optical samples, it will be necessary to make additionai measurements after the

LDEF samples have been cleaned.

• Despite the contamination, valuable information has already been obtained. This

• information is summarized below:

• Contamination can be a malor problem in space for optical systems. On the
LDEF spacecraft contamination resulted in the complete loss of transmission
"for some optical samples. The use of materials which outgas or decompose

0 •should be avoided in the vicinity of optical components.

Atomic oxygen degraded the optical materials that are physically soft, such as
KRS-5 and KRS-(, as well as uncoated copper and silver metallic refiectors.

S(Caution should be exercised when using these materials in orbits below 800 km
where atomic oxygen dominates.

Uncoated materials wverC found to be quite resistant to the space environment.

• Dielectric and metallic-coated optics exhibited delamination. The probable
cause of this is themal cycling. The use of these materials in an "athermal"
system will redLuce this problem.

* a Certain materials, such as ZnS, degrade in space.

Sl-11
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1, Executive Summary •

Hard-coated infrared (IR) mnultilayer coatings performed well in the space
environment.

Contaminated IR components which were properly cleaned showed little or no
degradation in optical properties.

This information is used to develop a set of design considerations for optical systems.

The design considerations are based on grouping the optical elements according to the

environments they will see. The three groups are benign, minimal exposure, and maxinmmi

exposure. Based on the LDEF results and analyses to date, materials have been identified 0
which are appropriate for each expo;ure level.

1 -•--
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* CHAPTER 2
INTRODUCTION

The purpose of this handbook is to provide the user a space optics design guide based

• on the LDEF space optics experiments. The guide presents the data and experience learned

• from the LDEF space optics experiments in one volume and in a user-friendly fashion.

* LDEF was a passive satellite with no telemetry of data to the earth during the mission.

LDEF contained 57 different experiments mounted in 86 individual out-facing trays and also

on the interior of the structure. LDEF was placed in a 478-km altitude. 28.5 0 --inclination

_ orbit. The LDEF mission was originally scheduled to last between 10 months to a year.

* However, LDEF was not retrieved until after almost 5.75 years in space. During this time the

• original orbit decayed from 482 kill down to 320 ki.

0 The 57 LDEF experiments were divided by NASA into five categories: heat pipes and

thermal, materials and coatings, science, power and propulsion, and electronics and optics.

The optic experiments, the focus of this design guide, can be divided into the following areas:

• refractive optics (both coated and uncoated), filters; metal films, fiber optics: and quartz

* microbalances. LDEF experiments other than the optics experiments, such as tile power

• experiments, provided valuable related data, especially for coating materials and thin films.

The data reduction for the optical experiments is being done by the individual experimenters.

As of the writing of this handbook, the data reduction effort was ongoing: provisions have

been made in the formatting of the handbook to allow periodic updates.

* The data reported in the handbook are a "'ompilation of thc data published by the

* •individual experimenters. The handbook is divided into seven chapters and five appendices.

0 The first o chapters are the executive summaty and the introduction.

Chapter 3 of the handbook is an enviroi ments summary chapter. This information is

• provided for two specific reasons: (I) to understand any environmental effects that

0

0



2. Introduction

contributed to the results observed so as to interpret the LDEF experimental results properly

and (2) to understand the environments and their effects so as to apply LDEF results properly 0
to spacecraft design for other orbits and missions.

Chapter 4 is a compilation of the data that have been reduced and reported to date for

the LDEF optics experiments. The data are categorized by material according to the observed

effects.

Chapter 5 provides an insight into the impact the LDEF experiments, results, and

analysis have with regard to the design of space optical systems. These design guidelines are

not based on the complete data set contained in Chapter 4. A large portion of Chapter 4 data

is what happened and the complete analysis of what caused the effect on the individual

components has not been completed. In developing a li,,,t of preferred "working" components, 0
the biggest driver is the spacecraft self-contamination of the samples. Since this

contamination limits understanding of the real performance of the components, only optical

components which were cleaned were considered in developing this chapter.

Chapter 6 provides a more detailed discussion of the low-Earth-orbit (LEO)

microparticle environment than was given in Chapter 3, since the microparticle environment

is becoming increasingly important in the design of space subsystems. The mnaterial in •

Chapter 6 describes in more detail the impact flux of microparticles, the models used to

predict cratering effects on optics, and gives a brief description of the effects these craters

have on optical performance.

Chapter 7 provides a detaiicd discussion of space effects on fiber optics. With tile

rapid developmcnt of photonics technology devices during the past few decades and with a

large number of light-wave systems emerging, it was deemed appropriate to provide a

detailed description of the active and passive systems and components flown on LDEF that •

was separate from Chapter 4 to provide an easy reference for the uL,,ers of this guide.

"•- " - i- - i .I! !
, , i , : .



2. InrIoduction

* Appendix A provides a description of the LDEF experiment locations and corre!ates

• these locations to specific environments experienced. The total micrometeoroid/debri,,

impacts per square meter, the cumulative equivalent sun hours for each LIDEF tray row, and

the atomic oxygen fluence are shown and correlated to specific L[DEF locations.

• Appendix B provides a list of the experimenters and an experiment description.

• Appendix C provides a list of published references.

Appendix D provides a glossaryv to deine acronyms and other terms used in the report.

• Appendix E is associated with Chapter 4 and contains the data graphs and photographs

• published by the various LDEF experimenters to date and cited in Chapter 4 to illustrate the

observed damage from the space environments.

• -
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* CHAPTER 3

SPACE ENVIRONMENTS

* 3.0 OVERVIEW

During its flight, LDEF was exposed to a number of natural space environments that

* depend on the LDEF orbit and lifetime. It is important to understand these environments for

two reasons. First, it is important to understand any environmental effects that contributed to

the results observed so as to interpret the LDEF experimental results properly. Second, it is

• important to understand the environments and effects so as to apply LDEF results properly to

• spacecraft design for other orbits and missions. Because of the need to interpret the data

* properly and to apply these data to spacecraft design properly, the following sections are

_ provided. Specific effects of these environments on optical materials will be discussed in

0 Chapter 4.

* 3.1 GENERAL SPACE ENVIRONNMENT SPECIFICATIONS

* Because a number of the space environnments depend on the LDEF orbit, it is

* important to identify the orbit of I.DEF as precisely as possible. The LDEF was launched

into Earth orbit in April 1984. While in space, it flew in a circular orbit having an inclination

of 28.50. The orbital altitude was initially approximately 478 km (257 nmi). When the

* LDEF was retrieved, the orbit had decayed to an altitude of approximately 320) km (179 imi).

• Table 3. 1-1 (extracted from Ref. 1) shows the orbital altitude history of LDEF.

* The natural space environment has many components. Table 3.1-2 shows current

references for these environmental specifications. For the LDEF orbit, the environments of

most interest to the LDEF principal investigators are atomic oxygen, ionizing radiation,

natural meteoroids, man-made debris, ultraviolet (LIV) radiation, vacuum, and niicrogravity.

* These environments are relevant to understanding tfhe observations in LDEF experiments and

0
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0

to extrapolating LDEF results to spacecraft designs for other orbits. Each of these

environments is discussed briefly below.

Table 3.1-1. LI)I"F Orbit Mission History

LDEF MISSION DAY LDEF ALTITUDE (kin)

0 478.7 0
300 475.8 0

1000 469.1

1300 466.2

1500 461.5

1700 449.5

1800 433.6

1900 412.8 0
2000 388.8

2050 368.0

2105 319.4

Some of the envirolilnents experienced by the LDlFIl experiments are particularly

sensitive to the [LDF: tray' locations. ()f particular inltcrcst are the atomic oxygen, sul hours,11

and iiicrtinctcoioid/(lcbii s cnviromncnts. A more detailled description of these particular •

environments is provided in Appendix A to atugment the more general discussions that follow.

3I0
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* 3.1, General Space Environment Specifications

0

'Fable 3.1-2. Natural Space Environment Specificationis*
* 1 ENVIRONMENT ENVIRONMENTAL SPECIFICATION

* Solar Radiation MILSTD-1809, Paragraph 5.7

* Lunar Radiation Handbook of Geophysics and Space Environment, Paragraph 25.2.1.2

* Earth Shine Handbook of Geophysics and Space Environment, Paragraoh 13-1 1

Earthlimb Handbook of Geophysics and Space Environment, Paragraph 13.4

Aurora Handbook of Geophysics and Space Environment, Paragraph 12.2

Zodiacal Light Handbook of Geophysics and Space Environment. Figures 25-3, -4. -5

Galactic Optical Handbook of Geophysics and Space Environment, Chapter 25

Background

Stellar Optical Background Handbook of Geophysics and Spa ,e Environment, Table 25-10

Atomic Oxygen Handbook of Geophysics and Space Environment. Paragraph 21.2.5

* Trapped Radiation MIL-STD-1809. Paragraph 5.1.2

• Solar Flare MIL-STD-1809, Paragraph 5.1.3

* Other Nuclei Fluence MIL-STD-1809. Paragraph 5.1.3.3

• Galactic Cosmic Radiation Handbook of Geophysics and Space Environment, Paragraph 6.2.1.1, Figure 6-2

• Meteoroids NASA SP-8013

• Mari-Made Orbital Debris NASA Technical Memorandum 100471

Neutral Atmosphere MIL-STD-1809, Paragraph 5.3

Plasma Environment MIL-STD-1809, Paragraph 5 2

Geomagnetic Field MIL-STD-1809, Paragraph 5.5

0 .?
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3.2, individual Space Ellvir-olnenu' S'pe('!jicutw;1x

3.2 INDIVIDUAL SPACE ENVIRONME-1,NT 'SP3ECIFICATIIONS

3.2.1 Atomic Oxygen

T he LDEF was launched into Larth orbit at a time of near-minlimum.11 activity ill the

Sun's 1 1-year solar cycle and was retrieved almost 6 years later at a t~ime of near-niaxilnui

solar activity. The mnean profiles foi- atomic Oxygen number densities at solar m1111inimum anld

at so1lar ma1,xInimu are shown In Eil'g ore 3.2-1I (extr-acted from Ref. 9). The uipper and lower

hounds of' the LDI3F altitude are shown.

ATOMIC OXYGEN DENSITY PROFILES AT SOLAR KAIMbMM AND SOLAR MINIMUM
(REFERENCE: Space Environment for USAF Space Vehicles. MII.-STD--1809)

1011Orbit : orbit

100

zr 10'

to.

tIo,

lollr Minmum
20 4010 60 100 10

Figure 3.-1 StmiOyenaub r Mestisat oaimuiumndSla axi

Th a -t-10 ~ l 0I111(1 IINI iI01(I 1111 )y~ 1 sýp rxlm cy2 b

50 kn ndde2icacst oe t hCl11-~j,1! 10 il).Th dL1-0a
valiaiol i lssthao a t1 1 01'M il]iliLIS 11 M R IS11a-C1110 . V rZ10
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3.2, Individual Space Environment Speci/ications

• are small at low latitudes througzhout the year. (During magnetic storms, the atomic oxygen

density shows only small variation at all latitudes.)

To understand the materials effects for LDEF experiments, the total atomic oxygen

fluence is of interest. The altitude of the flight, the orientation of the surfaces with respect to

• the rain direction, and the extent of solar activity determine the atomic oxygen fluence. This

• fluence is given as flux (atoms/cni 2/sec) x exposure period (seconds), with flux defined as

-• number density of atomic oxygen (atoms/cm a) x orbital velocity (crn/s).

From Reference 1, the history of the atomic oxygen flux striking the leading surfaces

of the LDEF during the mission is presented in Figure 3.2-2. This flux history was calculated

iusing current upper :tmtospheric models, the history of the iracked LDFIF altitude, and the

motni tored F1 70 solal radiation and magnetic indexes. As can be seen, the flux during the

0 latter tnonths of the mission was almost two orders of magnitude greater than the flux

• encountered early in -he mtission.

Utilizing this flux history, die total atomic oxygen fluence on the leading L.DF.

surfaces in the raim direction was determined to be 9.09 x 102( atomls/cim12. (The total atomic

oxygen fluerice as a function of LD t: tray position is presented in Append ix A.)

-- 3.2.2 Trapped Radiation

In order to function inl space. satelliles mluSt contenid wvith the effects o•t Irapped

radiation. As a resualt of early satcllitt experimenats, [he existc nce of geonagnetikally-tralped

particles enciicli n the [-arth was discovered. When electronis. protons, aild ot her chat-r'cd

particles encounter thc { l-rth's ainletic field, the field traps ma1,11iNy of them. They oscillate

h back and forth along thc lines of force, and si nce the magnetic field enceir cles the Eiarth, tile

trapped particles completely encircle ihc bImarth.

* 3-5
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3.2, / tli viduael Space Fnion'tSpecifications

i 11STORY OF/AT-OMtIC OXYGEFN FLTUENCE ON LDET LEADING SURFACES
(UFP.)RENCE'LUF 1-EPSpoco Environments Overview,. NASA Cutiference Publication 3134)

(number per cm per sec.)

1.0E+15

~.-LOEF
Retrieval

1.O1E+14 I

Flux
LDEFr

1.OE.13 I Launch,

1.0E+12 I f I I
1984 1985 1986 1987 1988 1989 1990

Time

Figure 3.2-2. History Wf Atotice Oxygeni Flluenice 011 LDEF L~eading Surfaces

The so-cal led Van Allen belt hias inner and outer portions. Both protons anid electron1S

permeiate thle toroidal-shaped volume11 occupied by the Van Al len radiation belts. The protons

are mlost Intense at approximiately 4(00( kml (2200 miles). The electron flux peaks at

apIFox ii mate! y 1 9,0 00 kill (99(00 indies 1. The Volumie of low -par-ticle dcn sity separating thle0

in ner iindl outer portions of' ile belt is often cal led the ''slot." E xperience has shown that

space vehicles in low circular orbit, rouighly 230 kill to 65(1 kill (125-350 miles) receive an

insigen ifican t amflount Of- ild i atiOnl from1 thle V an Al len zones. N AS A has donle an extensive

amiount of, m1odeling (based onl flighit test data.) to rcprtsent the radiation environm-ents anid

their- Variation01 with altitulde and incIi nation. The Most curr-Ient Models are thle A P- X protonl

miodel (Wef. 2) and the A F-8 X icetron miodel (R[ef'. 4). Figures 3.2 3 and 3.2-4 (extracted troil0

Rel's. 2 and -4 1iustRat tile o111(il-COid1 i1IC rciolfaxsOf' lctrons11 and protons over variouis0

altitudes anld i neli I ations. Asee,ý at altitudes below 50(0 kmll electron tiluxes are abouit 108X

to 10'' electronls/cm2 ,/daV aiid piotoll flaxe aSýre about, 1 () to 1(),1' protonls/cur/dAay.

3-0
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3.2, Individual Space Environment Specijications

The radiation belts are approximately azimuthally-symmetric, except near what is 0
termed the South Atlantic Anomaly. The magnetic field strength is lower than normal over 0
the South Atlantic because of the dipole field geometry. Therefore, the radiation belts reach

their ýowest altitudes in this area. The LDEF orbit was well below the Earth's Van Allen

"radiation belts, except at the South Atlantic Anomaly.

The predicted integral fluence of the trapped electrons on the LDEF is shown in 0
Figure 3.2-5 (Ref. 1). The predicted trapped proton integral fluence for LDEF is shown in 0
Figure 3.2-6 (Ref. I). 0

PREDICTED INTEGRAL FLUENCE OF TRAPPED ELECTRONS STRIKING LDEF 0
(REFERENCE: LDEF Space Environment Overview, NASA Conference Publication 3134)

1013

1012. 0
S1011

1001010 "

107
106•

00. 0.5 1.,•5 2.0 2 5 3.0 3.5 4.0 • i

Energy (MeV)

Figure 3.2-5. Predicted Integral Fluence Of' Trapped Electrons Striking the ,I)EF

The primary components that contrihbi,', most to the penetrating charged particle

radthion encountered are galactic cosmic rays and the geotnagnetical ly-trapped Van Allen 00
protons. Where shielding is less than 1.0( gcm-', geomagnetically-trapped electrons also make

3

0
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0 ~~3.2. Ind~ividua~l SpaJce 'r~ue, pc/cun

a significant contribution, f'or the above figures (3.2-3 through 3.2-6). the sLandard Vette

0 modecls (Refs. 2.4) were used (together with the associated magnetic icid models and thle

solar conditions). 'Fhe geomagnetically-trapped electrons dominated the LI)EF Sut~faCC

* absorbed radiation dlose.

I')EVt~iI)INTGRl TUt:N(E 01: I'RA T'tED PROTONS STRI KING, LDIME
0 ~~~~~REFFIRtEN CE: WDEE Spa CLV U v irmc nt Overvic w, N A SA Conf eronic I khi cat io 1134)

10

10

Fgr32-. 0 100 200 0 400 %0 600

Figre3.20.PredictedI Integral FHueiice O )f Trapped Proton~s Striking 1th( 1,1)1KVl.

Basedl oil observed raldiatioln doses fronm Jvaoriou 11ilenolumincscenit klosinleter CYL .)

experinents. naleodl imtpt-mCnuient. have beenl sgetd or predictlion_ thc trapped proton

*angular distrhibutionl inludingiil both tile plilci aimule ;an( east-wC" West c. eff cts te >58). A" at

0resu~lt o)f these.ý eXperiLments, prei-Ujctions of, tile I'D" mlllnissions.. trapped proton cxposure- ha1ve

beenl mlade uism..n thle Currently aJccepted m~odels %vith itiproved resolution near. mi1s.sion clend

0 ~~and better mt odelIing of sol ar cycle ef-fects. NiMission fuci tenes were reducned by 20) percent from

pref.11ligt predictions. ( alculationlS uIsing (ieti~in~l()lIV-(fel)CII(lICIt tI-apell)C protoit Spectra
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predicted smaller doses than those measured, being 50) percent of mneasured values at the

trailing and ear-th end aind about 80 percent near the leading edge (Ref. 8)'.

3.2.3 Mleteoroids and Nlai-Nlade Debris

'Fhe current models which are used most frequently to predict natural meteoroid and0

maii-niade debris impacts onl spacecraft are shown In Figure 3.2-7 (Ref. 1). Based onl these0

models, the largest man-made debris particles or the largest natural mecteoroid particles one0

should expect to have impacted onl thle LDEF would be approximately 0.5 mm11 in diameter.

Ani impact of a particle of' this size is consistent with thle size of thle largest crater observed onl

it-e retrieved LDEF (Ref. I ). These models also indicate that in thle particle size range fromn

approximately 0.02 mml to 0.2 mil more of thle impact particles would have been natural

meteoroids rather than man-made debris. InI thle size range less than 0.02 mmn in diameter, thle0

models indicate that man11-m1aCde (lebis particles should have dominated the impacts.

The mlan -mlade debris model includes an assumption that the snial I debris p)articles are

in orbits similar to thle orbits observedl for thle larie trackabjle Earth orbiting debiris ob'Jects.

The assunmpt ion mleanls that debris pn ,.Ii; des won 1(1 Ii Livei IMaCt pr-i ~an Ily Onl thle 1leding

surfaces of the LI)B1 and that no (debri s iminpacts should( be expected onl the traiIinug MITF

surf aces (cratcrs wvith man -made debris reCsidueI III themI haVe been foun11d Onl the trailing, LDEI2

surf aces) (Re'.1 Ii. T he model for thle nlat nrai I meteor-oids aIssames that they a~pplmach the Earth

randomly from all directions with a distribution of velocitieý that average about 20 km/sec. C
This aIssn~mpt ion me1anls that thle lealding surIfa.ce of thle LI)IL would also h~ave beenl im~pacted

I ItciI1)ti1IliN(~IidoSmlll'ICI ( 11.1) IilleilsillilciueIls ill foul LDFI)E cxpcflhillk~lis have. yiel(ILd Libsorlbd do-sc
a" l illicol~l ~)I shidcdin,.-, llitiiki(C lical ile an~iig dil inailini g cdlgcs adi ait ithe Eaith side of ihe( LtIEF

veliicic. A\ counislcilm ,,cl ol d1c ,tIC pldl(SII.7( %kilii tcfinfcSý much1 ot itile LLTt) radioiiion clivinoinieit atid
))I()\i]C.SL coii1ljmiii0) I()[ dose cakilci,iiioiis iiý11iL, adiltV iiccl (r.t1111wd prltltO jlier-Cdwooi1- and ilý1inspoim Codes. tDose

rates, Up to 3.14 Tm(VA M./d m /cilv sJlicldill,-, ;ilf down ilt) 1.26 1ON( ] ;vd .4 "'Icni shielding) we.ic fomind near
ithe CdLiiiC. 1'(II.' it doseC imie vancei C ma 11hk tI;Ildim, Cd11e was Q9)1. 1.-- iil(V/d I.111.37 gfcml S1hiCel~lug)0
anld ;it ithc Falrti11(1 Cid WIt kv 1. 14-ISXO In;/ tI,- t /ic le 9)ittn~.te.S



more frequently by meteoroids than the trailing LDEF surfaces. The meteoroid models,

unlike the debris models, indicate that a substantial number of meteoroid particles will strike

* ~the trailing surfaces of the LLDhF. (This is generally consistent with the distribution of the

* craters found onl the LDEE.) Specific:; concerning each of these environments follow.

MOST FREQUENT[LY UED MO DEL'; FOR PREDICTINC MFTEORC)I AND MAN. MADE
*DFKIWT IMPACT- FLUXES, VARYIN(; W11I I PARTICLE SIZE

(REFERENCE: LDFSieLii~i ci \r c~ S cifric ttI~t~i

10 LDEF Detecled
* 102

* 101 -Flux Range

* 100.-

Impact Flux 10.1
(impactlyr.-M 2) 10- 2  

-- - - - --

10~-4 Meteoroid Flux Moe S\ , Kessler 1989 Debris

0~~~~~~~ tauirnifr pc :iu Flux Model

10-N

*10-F 10-5 10-1 10- 10-2 10-1 100 10' 102 103
Particle Diameter (cm)

F'iguire 3.2-7. 'Most 1'recquvntIh I NC( Nlodcls Fonr P~redictiing NMeteoroid and NMan- Mlade
Dbis Impact 1:1ixe va.%in Wil P~j ~article sizi

* 3.2.3.1 NMcem-uoi(Is

S !vleteornidN are \ii il part ides mlovi~liu III Iinlerplanclary spac'e and ortigi nate troiii both

conlleitaly and a~ster-oidal sonrlces BHceauw I their veloclty. density. and lmass, Illtc tenroids can

cause damlage to vehlicles iipem Iti g inl space. Ihe type and extenit ol 11he dainlage depend onl

v~hICC "UC. vhicle"Irulula ýald exposurel- timei inl ipce s well as onl

illeleor-oid ellaratc teistles'ý.



3.2, Individual Spare Envirionme'nt Sp)"'ificctiwis

M...11Neteoroid Flux and D~ensity. Figuire 3.2-8 (Ref'. 11) shows a Curve depictinig the

meteoroid flux. The data presented are used to determine the number of expected collisions

per year between a space vehicle of at given cross-sectional area (in ihe ramn direction) and

meteoroid, of a given diameter. The mi-eteoroid flux curve is roughly approximated by the

following equation, assuming a mneteoroid densi ty 2 of 0.5 gl/cm3 (see Refs. 9 and 10):

log10($F = -14.37-1.213 1og10(m)

Where,

F cumulative meteoroid flux (particles/mi/see)

mI mass in gramis (valid for 10 •1 in 1 )

Reference 10 Cites a flux compIIonenit for' Microiniteoroids (defined as having diameters

< 501 pm). The micronietoroid density is generally assumed to be 2 g/cm3' for- these

particles. The meteoroid flux for these smaller parilcles is given by (see Ref. 10):

logl,(F) =- 14.339-I .5841ogljm) -0.06311og 10 (M)12

where.

F C uMtI lilt ive me1teoroid ('la1X parfICClS/m21/Sec 1

III mlass InI er1lams,% (valid for 101 11 ! n 10 '

Thie dclislitv (Ii etieloroids Is olmii ll serious tiiiccri'liiliv aI.Ii it Ims no eein a iiea~s-ired qtiantiiv .Aliiougli
nieiecoiriies hat C Iwenl vXalimijied. file\. alt' _I1CrilIlv woilsidered i() have been mieteoroids of asicroitkiI oridin. Tile
ntleieoroid densityv ot iniekre si is tor 1arincl es which resuih Iroiu tilie break-tip oif conueiar, iMaierial. Ilie Conltcarv
rileteoroid has IbCeii de\,clihcd als a- coiiutonlieate of dulst pailildes ixuirid imimieie by froienl eases. 11w lJUN-AISS
meta1i ons~hipl asswiucl I as densiiv l 11:1s i 1i I ticmi Valucs ot densiiv calculated hrorn photographic and radar
obse-vaiiilolls hawe lianed Ijiul 0t.1 L(, ecii to 41 1110nil. IlliassSiu the ava..ilable dewiisii dIjiit. related

2ssinipiiuls.ad caluitciolaui piocediircs. Othe opinioli iý i11a1 thec IoWem dens."tiucs obtainetd troiii inidariobserved
nicicor dta~il were not reliable anld 111ai thle tijetie dens"litis "cic 110 typical ()I coiinet-y (lebris (Ret- 1t). Floim
itile (0esiili %%;., d/nw iscosen as, 1ilw valuc It)[ 11C Pass teiisii ot, iuetceorods ioili spiuradic anld sireaili)0
01 LonIetiar-V oin ci.
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• 3.2.3.1.2 Meteoroid Velocity. Meteoroids can approach earth from both progtade and

• retrograde directions. The geocentric velocity of meteoroids is expected to range from 11 to

• 72 km!sec on the basis of celestial mechanics (see Ref. 11). Analyses of photographic and

• radar observations of meteors entering the Earth's atmosphere have confirmed this range.

• Based on the velocity information available, primarily from photographic meteor

• measurements, and on the basis of the assumption of independence of mass m•d velocity, an

• average atmospheric entry velocity of 20 kmisec has been adopted as the average velocity of

-- • sporadic meteoroids. The probability distribution for this average velocity is given in

• Figure 3.2-9 (Ref. 11).

• METEOROID FLUX SIZE DISTRIBUTION

• (REFI•RF•ICE: A Review of Mlcrometeoroid Flux Ideasu•ements
and Models for Low Orbital Alt.itudes of the
Space Station, N,/LSA TM-88466S10 •-¢rrml--• Trr,.,q ,.,,• nn..w ,..,hi ,,.n• '''""1 ''""q ,.,,.•-'•-rmnl--'c'rxr•

• ,0

• <*
• •io
•
•

S10 •

SlO4
S10 4i

• 101• .umxt, t •t•,mUaa• •.•.,t_• ,. • .• ............
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• Figure 3.2-8. Meleoroid l,'lux Size Distribution
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3.2, Indlividual Space En virontment Sp'rzfiwautoMs

PROB&MBUTY-VELOCIrY DISTRIBUTION FOR SPORADIC METOROIDS
(REFERENCE: NASA Space Veh.icle Deslign Critaria, NASA SP.-8013)
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Figure 3.2-9. Velocity P~robability Distribution For Sporadic Meteoroids

3.2.3.1.3 Gravitational DefocusinLg FacLtor. Mhere ar-e two phlenoCmen which in1fluenCe1 the

act nal fI LIX en1countereCd bV spaZcecraft in neat- Ear-th orbits. T hese phenomena are the0

gra i tational and( shield ing, effects of the Earth and the Moon. The actual nutnbcr of

mleteor-oid imlpac:ts encountiered by a spccaUobtilned hrom Eantrh -based ohseiR'ationa I

tee hniques anld orbhitall direc~t lle~asLlrcmfleCltS. Is founid to have beenl enlhanced by Earth's

giravity: i.e., the, "pol'die flux niodel is grTttoaly-ouc.Io corrlect for thie Earth's

1ravitatiotlal enIhanlcemenlt at a 1civen distanee above tile Earth1. tile avcerage sp~oradic or- total

nletCIort id ]IX 1111must be mu It i p-lied by tile defocusing t'actor-. Thc factor, as a funictionl of"

(I stanIce above the center of tile 1E1arh in Earth r-adii is g vei in Figure 3.2-10C (Ref. 10)U.



3.2. Individu~al Spact'eO~rnnn S)cjzan

DEFOCUSING FACTOR DUE TO EAKRTII'S GRAVITY FOR
AVERAGE METEOROID VELOCITY OF 20 km/sec

(REFERENCE: NASA Space Vehicle Design Criteria, NASA SP-80 13)
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0 Figure 3.2-10. D)efocusing F~actor D~ue To Earth's Gravity For Average Meteoroid
* 'Velocity of 20 km/sec.

3.2.3.2 Man-Made Debhris

W1111ilhin abou 2000) kill aihnc tlie Faith's, surface~ therec Is an estimated 3.()0)00,(0 kg of"

manl-mlade or-biting objlects. These ob~jects arc inl mostily high inclijnation or-bits and sweep

pas1on anlot~-J hi. at an Verage speedl Of (10 k ni/SeCC MIost of' this mass is concentrated ill

ap prox imiately 3000( spent rocket stagecs. inactive payload1s, and a few active payloads. A

simaller amiount of' lnla ss appr-oxmi tately 40.( OU kg,, is in the remain ing 40010 obj'ects curr-1ently.

bein ti-k-dby US. parcc Command r-adar-s. Most, of' these objeccts ar-e the result of' more

thanl 9(0 onorbit satellite firaueme ntat onls. Recet it lnrou nd telescope nIcasuremencits of' orbiting

0debri-s cue ibi ned with anal ys is of'l hper-velocirv imlpacts onl the r-Chtnrned slftaces Of' the Solar-

5MaiUm11111 MiNs11siosaelite11 indicate a total mlass of appr-oximately 1(001 kg for orbital debris1

5sizes of, 1 (.111 or. stulidci. and a1pi-oxilmiitcly 3(1( k-l- fot orbhital debris snial Icr than 1 tlmi1.



3.2, Individual Space Environment Specijications

This distribution of mass and relative velocity is sufficient to cause the orbital debris 0
environment to be more hazardous than the meteoroid environment to most spacecraft 0
operating in Earth orbit below 2000 kim.

Mathematical modeling of this distribution of orbital debris predicts that collisional

fragmentation will cause the amount of mass in the 1 cm and smaller size range to grow at •

twice the rate as the accumulation of total mass in Earth orbit. Over the past 10 years, this 0
accumulation has increased at an average rate of 5 percent per year, indicating that the small •

sizes should be expected to increase at 10 percent per year.

3.2.3.2.1 Debris Flux and I)ensity. The cumalative flux of orbital debris of size d and

larger on spacecraft orbiting at altitude h, inclination i, in the year t, when the solar activity 0
for the previous year is S, is given by the following equation (Ref. 12): •

F(d,h,i,t,S) = k - 4(h,S) • T(i) • [Fl(d) .gl(t) - F2(d) - g2(t)]

where 0
F = flux impacts per square meter of surface area per year 0
k = I for randomly tumbling surface: must be calculated for a directional

surface
d = orbital debris diameter in centi meters
I time expressed in years 0
11 altitude In kilometers (h _< 2000 kin) 0
S = 13 month smoothed 10.7 cr-wavelenlt h solar fiLIX expressed in 10' Jy;

retarded by 1 year from t
I= inclination in degrees

and

S(hS) - 0 Z(h,S)
, 1 (h,S) ± 1 0

i I(h,S) 10(h120o S/140 - 1.5) 0

3-16



3.2, Individual Space Environment Specifications

Fl(d) = 1.05x10 5 - d

F2(d) = 7.0x10° • (d + 700)6

* p = assumed annual growth rate of mass in orbit

* gl(t) = (1 - 2 "p)(' 19s)

• g2(t) = (1 + p)Pt

An average 11-year solar cycle has values of S which range from 70 at solar minimum

to 150 at solar maximum.

• To illustrate the application of this model, Figure 3.2-11 (Ref. 12) shows an example

• orbital debris flux (compared to the meteoroid flux from Ref. 11) for a 500 kim, 300 orbit

• with t = 1995, k = 1.0, and S = 90.0.

• The average mass density for debris objects 1 cm in diameter and smaller is 2.8 g/cm 3.

The average mass density for debris larger than 1 cm is based on observed breakups, area-to-

• mass calculations derived from observed atmospheric drag. ground fragmentation tests, and

• known intact satellite characteristics. This density has been found to fit the following

• relationship:

0

* Pg,•m 3 = 2.8 • d'-074

-0

' Tie inclination-dependent function yt is a ratio of the flux on a spacecraft in an orbit

of inclination i to that flux incident on a spacecraft in the current population's average

inclination of approximately 600. The flux enhancement factor, y, is shown in Figure 3.2-12

• (Ref. 12).

• 3-17
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3.2, Individual Spa'e tEnvironment Sp'cifications

COMPARISON OF THE PREDICTED DEBRIS FLUX
ND NASA SP-8013 METEOROID FLUX MODEL (INCLUDING EARTH SHIELDING AT 5(X0kin)

(REFERENCE Koe;sler, Reynolds, and Anz-Meador, Orbital Dvbris En1vironment for
Spacecraft Designed to Operate in Low Earth Orbit, NASA TM-100471, April 1)89)
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figure 3.2-11. Comparison Df The lbredicfed leris Flux And NASA SP-8013 •
Meteoroid Flux Model (Including Earlh Shielding) At 500 kin.

DEBRIS H7•UX ENHIANCEMENT FACTOR •0i
(REFERENCE: Kessler, Reynolds, anid Anz-Meecdor, Orbital Debris

EnvironmentL for Spacecraft Designed to 0perate in•
Low Earth Orbit. WNASA TM-100471, April l{8)f)
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3.2, !ndiviuual Space Lu "Ilir)mment .S'peci/fictions

0 3.2.3.2.2 ()rhital Debris Velocitv and Direction D)istribution. Averaged over all altitudes,

the unnormalized collision velocity distribution, i.e., the number of impacts with velocities

between v and v + dv, relative to a spacecraft with orbital inclination i is given by the

following e(lnations:

vfl) = (2 "v "vO - v2) " (G " e "(v A .I(B.y)
2  +

(F e- (v D •,l/E . 0)2 + HDC ',(4 .v I v) 2

0 where v is the collision velocity in kilometers per second, A is a constant. and B, C. D. E:, '.0
G, 11, and v, are functions of the orbital inclinations of the spacecraft. The valties of these

constants ai (d parameters are as follows:

0
A= 2.5

S13 = 0.5 i < 60
0 (.5 - (.(1 (i-60) 60 < i < 80

S(0.3 i > 80

• C = 0.0125 i < 100
• 0.0125 4 0.00125 (i -100) i > 100

• 1) -- 1.3 - 0).01 (1 - 30)

1 I£ = (.55 +1 0.005 (1 - 30)

1: = 0.3 + 0.0008 (1 - 50)2 i < 50
0.3 - 0.0(1 (i -. 50) )0 < i < 80
0.0) i > 80

G ( 18.7 i < 00(
18.7 + 0.0289 (i - 0())' 60 < i < 8(S
25(0.0 i > 80

I H 1.0 -- (1.0000757 (i - 60)2

v, 7.25 + 0.015 (i - 3(0) i 6 0(1
* 7.7 i > 6(1

3 1



3.2, Individual Space Environment Specifications
l0

When f(v) is less than zero, the function is to be reset equal to zero. An example for

the unnormalized collision velocity distribution for an inclination at 300 is shown ill

Figure 3.2-13 (Ref. 12).

There are other methods which have produced larger values for the average relative 0
velocity between a satellite and a piece of space debris in LEO. By using the tracked debris

population provided by radar observations, the average relative velocity may be calculated

through numerical simulation of possible encounters or through direct averaging (Ref. 13).

Both of these methods derive an average collision velocity of 10 kims. Figure 3.2-14

(extracted from Ref. 13) shows the range of relative velocities from various altitudes and

orbital inclinations.

UN-NORMALIZED COLLOSION VELOCITY DISTRIBUTION FOR AN INCLINATION OF 300
(REFERENCE Kesslicr, Reynoid,. and Atpz-Mcador, Orbital Dcbris Environment for Spacecraft

Designed to Op•rate im Low Firth Orbit, NASA TM-100471, April 1989)

fi• 400

R0 4-

&a

o a * t 0l 0 7 15 • 10 11 12 3 1 tO s 1

Figure 3.2-13. Un-normalized Collision Velocity Distribution for an Inclination of 30'
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3.2, Iodfivi'idl Sparce Environment Spe( 1/ications

* Calculations have been done recently supporting near-term strategic programs for the

0 number of impacts per square meter by particles of various sizes. Figure 3.2-15 (Ref. 14)

shows a typical set of results for the number of expected impacts as a function of altitude at

60' inclination for the environment expected in the 1996-2002 titneframe. A description of

the relative impacts versus position of LDEF trays is presented in Appendix A. A more

* detailed description of the meteoroid mnd space debris environments and effects is contained

- -in Chapter 6.
S

AVERAGE RELATIVE VELOCITY AS A FUNCTION OF ALTITUDE AND INCLINATION
(REFERENCE: MckNIGHT. D. DISCERNING THE CAUSE OF SATELLITE BREAKUPS.
PRESENTED AT THE AAAS MEETING. BOULDER, Co., 1-5 APRIL 1966)

- 1300

"''2 O0 0•+
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• 60 --o '- -- - .- ... ..--------i- I L
3 00 . _______
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• Figure 3.2-14. Average Relative Velocity l.pxlecled Between Anl Oblject and A Piece Of
Space Debris As A Function of Altitude and Incliniation.

• 3.2.4 Ultraviolt (IIV) Radiat ion/Solar Exposure

'The Sun's extremne tultraviolet tIJV) and U.V oLutput Varics in a palltern sinilar to

sunspot rnlmhcr (SSN). and this variahilitv translates into a variation of cncrov availablae to

-0

• *

Sr .
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3.2. Individual Space Environment Speciicutions

the thermosphere. The resulting variation of exospheric temperature, in turn, produces a solar 0
cycle variation of atmospheric density. Since little EUV radiation reaches tile ground,

direct EUV flux observations have been made only rarely. However, we can infer the value

based on solar radio flux measurements at 2800 MHz because EUV and 2800-MHz fluxes

have shown a fairly good correlation. The 2800-Milz flux is better known as the 10.7-cm

flux (or F,,,). Although the correlation is not exact (and varies from one sunspot cycle to the

next), the patterns are similar enough to be useful. The F,, ,-flux history for the LDEF 0
mission is shown in Figure 3.2-16 (Ref. 1). The widely varying levels of solar activity were

monitored by the F1,,0 -flux, but also by counts of solar flares and Sun spots and by

measurements of the geomagnetic index.

NUMb3ER OF IMPACTS vs ALTITUDE. 1996-2002. 60' INCLINATION. RAM DIRECTION
(RtEFERENCE IMPACT EFFECTS ON OPTICAL SURVIVABILITY, POD ASSOCIATES. 993)

t10

101 -0 •_0iO N0• - -.... •-~

100

100

A 0{

ALT'ITUDE (kin)

Figure 3.2-15. Number of Debris Impacts vs. Altitude, 1996-2002 Period, 600
Inclination From the Ram Direction
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3.2, Indiv'idual Space L'nvirounclit Speci/icutions

S. )LAR ACiT]iVITh AS IN t)[(AlCAT) HY' tHtE F,,. FLUX RECORt )ED

)IJRIN(I' 11: I ivt ()IF 1I lIF I-FF NIV:6ION

(REFERi: EN ±- i.I)I[ Spiwi' hi onn- w 0e. ctI rvw~w. N ASA (Cotn tr1icn ~ Pubi )cA)it i 3113-)

* 10.7 cm Solar Flux
220 - D-

*200 - Heirieval
* 180

* 160 -

*140'-

120 -- !2 LDFF Launch

100
* ~80 -..

* ~~~ ~~60, - ~ - 9819
19418 Time (yr's) 19890

Figure 3.2-16. Solai activi v as ind~icated by the F1 t ii o ,7-Fitix i-eco(ic(1d (Iuiing

The numberhcl of' still hours to wvhich 1.1)1 experillICetS wr WCI' C ~)e(lC 1s a1 'I one ion1 Of'

or-bit (e.g.. eclipse timeis. etc.) and suii jý-mulEc. T(w callculated C11lIHI1latiVe eCqutivaleit Sull

hourls for each HA .1) £ tay r-ow Is pr-esentled ill dtield ill Appenldix A.

0 3.2.5 Vacuum

Neglect ing lc the e1hutih~iihin imli 1. IlT genecrateti conitaminIlatioil, the Ilnolkucular,'atonilic

denisity ad~jacenit to the itolividual1.11 surT llfaces atl any ivel"V1 timei was depenldenlt onl the

1.1)11: orbhital altitude, theC sola tivity Z .Cjjý ailid theC orienta~tionl of tihe surlface with) respect to

0 the 1.1)11 velocity Vector. Ihe dens.ity i11l-caedel as the ailtitiide (ecl-edsese and as thek. solar.

11CII L D F F I(Ii (v CI l a tl i ttold Iw I m Ih () I [ I h u h ti hic o l Ik- I I H IH111] [1111 ;Ilk I IVH V . tlh11 U lI l-

011( . - _ _ - _ _ - _ _ _ _ _ _ _ _ __11C 1 11k d llI 1:1ili ( a '



3.2, Individual Spa(ce Envi'ironment SIpecli~iations

activity increased. The density also built uIP adjacent to leading surfaces, as a result of -am

effects, and it diminished adjacent to trailing surfaces as a result of wake shielding effects.

The ambient molecuilar/atomfic density along the LDEF orbit was lowest early in the

mission while the LDEF orbital altitude was above about 450 kin: the solar activity was near

minimum1~l~ (approximately 1.86 x 1 (7 niolecules/cm~). The predominant mnolecular/atomnic0

species at that timie were atomic oxygen (approximatcly 1.56 x 10' mo1lCUees/cm13) (See0

Chapter 3.2.1)~, and nitrogen (second inl abun11dance with a density several orders of magnitude

lower than the atomic oxygen).

Thle ambient molecuilar/atomic density along thle LDEF orbit was highest

(approximately 6.58 x 1 0' molecules/cmv) late in the mission when the orbital altitude had

decayed to approximately 320 kin; the solar activity had increased to near-record highs. The0

predlominant moleculai/atomic species at that time wats still atomic oxygen (approximately

5.42 x 1 0 ' molecules/cm ) and nitrogen was still secoind In abundance (approximately 1 .06 x

I 0' n1olecuL]CS/cinl).

'Fhe ram effects made the ni1olect'lar/aiomlic djensity adjacenit to surfaces onl the leading

side of the LD.)BF approx i mate y an order Of inanitudeRI higher thian the ambient density. The

wake shielding eli eels reduIced the inn 1CCii Iar/~uitIiC CIIIc eSity adjaIcent to Surfaces Onl the0

trihIiri side of the I 1)1± more than 11n order Of nlagn itLKICl. (T[he mole1cular/atomic densities

P~resented aho.-e wvere extr-acted fioin Ref. 1).0

3.2.6 rv4icrogratvitv/Accelcra.t ionis

T[he 1.1)1T cxpriine ri lts were exposed to very low a~ccelerationls dunring the nitss ion0

Since the P latfo rmi was passive ly si a hi Ii ed anrd there were no ,y'stmes onl board to generate

3-2-0



-- 0 3.2, hnlividual Space En'ircmne'nt Specificaltiofs .

0 vibrations or shocks. "l he acceleration level at the center of the LDEF remained less than

10.' g throughout the mission.

0•

0m
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* CHAPTER 4
ODEF OBSERVATIONS

On LDEF there were 57 different experiments in 86 trays which were divided,

O according to Boeing, into mechanical, electrical, thermal, and optical experinments. The

0 purpose of this section is to identify and collate the putblished data from LDEF experiments

* relating to space optics. (Discussions on design implications of these data are deferred to

Chapter 5.) At this time, the reduction and reporting of the on-orbit data by the LDEF

experimenters are not complete. This section contains the data that have been reported to

date by the experimenters. The structure of this handbook was designed to allow periodic

updates as additional data reduction is reported by the LDEF experimenters.

• 4.1 SUMMARY OF LDEF OPTFICAI, MATERIALS/EXPERIMMENTS

There are literally hundreds of optical materials from which a system designer can

* choose. These are catalogued in references such as the I landbook of Military Infrared

Technology and individual glass manufacturer catalogs, among others. A representative set of

* current, state-of-the ait optical materials and designs were tested on LDEF. This experimental

data set provides valuable insights into the space response of modern optical materials and

designs.

* The optics flown onl lIDl'F can be divided according to a number of individual design

.•feature:s: refractive/reflective, substrates/windows. coatings/filters, UV/visible or infrared 0 R)

0 transmission. etc. T!o make this handbook as useftul as possible, a numitber of groupings have

0 been established to catcorize IL)EF materials. 'lablc 4. 1-1 shows the groupings followed

within this handbook and identifies the 1.DEF materials within each group that arc included in

this section. Optical d(.si gn parameters associated with the materials in Table 4. 1 -I and tested

on ,I)EF are discussed in the following section.

0
0



Table 4.1-1. Opt ical Components I'Iomm n (il1LI' 5
l()P'IIAl. CONIP()NENi'S 1.1)11 IATEiIc AtS

(.)pical il:as'csal 0-nni11 (irstas .'\nniios~iticc.e bl~o mhalkic le~kl silicate. potash boloioSici~te. S&),. soda
(Reflintive andi( Rellective. tille silical. soda pota1"ti hime. mtitamiiii silicatec. black plas~s (low scalittc)

tjV/visjhlc and 1k) (a.('die. ('i. Si, KRS-5, KRS-0. ZimSc. Hial. AMO . Corniing 7940,.
smiprasit W. Ge (podvcmvstallinle. high punts). anld IV-tranlsrnissive
winmdows ( igh spphire lAt,Ol1. Ca F, LiF. and SiO,) -_______

Optical Fillers CdSc. Cie. t'bTe. I'M`. SIO. ZuIS. Cryolitc onl Sio.. Si(-) onl SiO- 1ThUF onl
(tJv/isibte amnd 1R) SiO,. Antirejection (AR) coaltitli oil MgF,. assortecl optical lxitm(1t51

tillers betweven 0.3 anld 1. 1 pinl (schott glasses). neutrall- denisity tilicis
((Xmionl) V~inrrow banld ((orionl). hot mir rors (Corionl visiblu tranlsmittiing),
I-vnmlan alpha alld IWO( A UV litteirs. AVGO oil SiC).. NiF. onl SiG..
ais,ýoaed 0.1 ~i lters. and (Ic oil Si10.

Metal Eilni1s/Mimrols At, on SiO~. At onl SiO).. Aui-plated Al 12024-T.3511. ,\n-tmtatd At 10003].
(Reflective. Aui on Sit ) . Ir ill;). Nb (imi SiO). O~s (n SiC).- h onl SIO. Cii onl Si)..

UJV/Vi.sih~lc, 11nd 1k) As- onl C. A,- mi SID,. Ta onl Si(.). W onl SiC.. Sn onl SO-) Zn oil SiC)..
0SR min-ior~. [An. A,\l Au,. noV bdcntumi nnor. ind diaionid turtcd

4.2 OPTICAL. SYSTF:i DE[SIGN 1'ARANiIL:FI:RS

There ate a i numher of paramneters associated with tile optics shown itn '[ale 4.1-1I that

atre important parts of optical SystetI designl. lIme vaIlue Of theC I- 1)1EV dat III tilte

characterization of tile dlegradation of, these parameters as the optical Imitctriitls arc expi'iwd to

thle space ctmv tronm111Imes.

Frotm a SYsten C tftnatc viewpoint,ý the (lcmiradatjioll of' each Hidividual optical 0
eiclelleItt can1 de triadestcam pet-,t lo nuanceIIIl. FOY CVxatmIplC. it' tt'all"itspatt Clctmtents arc degrnaded0

by tlme spacc enm11Muumetmits, fthese deetldatilons callt changc 111c elImmen~t trnmmsi im. an

in1crease tile Ncatttc and athsor-pt loll, anid canl (leraile thle overl11 timla-e tesoAlutioim. [or optical

euiatnles, env ironml en]t decl;IadajtiotIS Can1 alterI tile waVjjelengt-'I dependenC~t transmvlliSiL) siilnad

rehlkctiott pFOImpet ties. cani inlitiate othet types of, damlltge (Such ajs (icteriloratilin) 'Iand call

c0imtattntmate1 other tmcarbIv opticall cotmpotmemtts". O n HAT~l. CX ) Itimmimtlts \\cr conduc ted to

exatmimm1c the LCIdceradtj IIill of transparenCt ccleIttnS. optical coatinuls. aid o'lenl mate1ýrials (Such as"

-1 0



4-2, Optical Svstcni De'sign, JParinteTeS

diffuse paints). Degradation of these elemen~ltS due to darkening, contamination, erosion,

discoloration, impacts, pitting, or delamnination caused by space environments was analyzed by'

* the L.DEF experimenters.

* 'fTable 4.2-1, M 'aterials 'versus Iiffccts. provides at guide to the parameters tested onl

*~LI)EE for optical materials that haive been published to date and are Inclu tded in this chapter.

I'he table dividcs the optical elements flown onl I)DEF (see Section 4.1 ) into refractive and

reflective comIponlents. HI ciLIding so bstrates, coating~s. filters. and( min-ors as, well as other

components of Interest like (11.rt11 crystal mIicroha~lanCcs (QC'MS). These elements .1re listed

down thle left- hand columlln of tile matrix in Table 4.2- I1. Across the top of the nmtrix, the

0pararmeter effects thati are of concern to Sys tern opticall pett-or mi lice are Identified.

Within thle cross-reference tiutnisi ate- filled circles, hollow circles, and empty cells.
0 :illecl Circles Identify data1, sections %vheCRe datal a.c diSCLIs-Se~ that1 have,! beCoI reCduced anid

1'e[)0ot'td by' the1. )LDI exeietr.'he hollow circles idenitity. data secionls where reCdICed

and reported datal ha~ve beenI found anld ;I'e- 11eneralI lv uppicablel to matiler-ials dIiSeissed Within

thatl sc~tiotI. hUt aRV discuIssed elsewhereCI withinl this chaipter. lollowingý thle 1rtiatris commit

IIIip or downt ft'otn thle hl ()low citelies will show whetecr sctilons conltainl thle actuAl datal

0disctuss-ion~s, as, marllked hw a1 fil led C tele. ) 1tnptv( cells withinl thle miatri\ s cidtifY ares here

datai arec not availlable. An emnpty cell (foes" not neccessarily Ieanl thalt thltei w.Ins Ifo CXp)eI-lIIcent

In this category onl LIL.ht, petllas [hatl the data 1,1- ha\0e tot CI been M rdcd and teplorted by

thle IDLE, exper-imntercis. As this ltantdlbok -is updatemd, these cells wvill be, filled als the new

* data atev hrouglt Into the haindbook.

Thme ftilm1ben- ine Index inl the table allso provides aI cotnveitietnt index of where thle data

ate located in this section. For' example. suppose otne Wishes to exuttine thle dalta baise on thle

effects of A() on litneoated refractive op~t ic' for aiible Vsenso svstett tYIC. TIhe sction1 numbe1hr
wvithinl which to titid these dalta is1 f'onnd by Combhflinin thle o1diceS Of' SneCCedin levels Of

indentuire from ilt theale. TIhe left fiatid index oit inaterials ShOWs thatl LItICoatec '-Cft'acilve



4.2, Optical System Design Parameters

optics for visible systems are addressed in section .3.1 of Chapter 4 (4.3.1) and AO is

addressed in section .2 of 4.3.1. Thus one would locate that data in Section 4.3.1.2 of this 0
report.

"Table 4.2-1. Materials Versus Effects Matrix

.1 .2 .3 .4 S .6 .7

I AO0 S TR D S C

EFFEC'TS M T X C R E A T 0

P OY A AF R R N

A MG T NL K E T

C IE T SE E S A

T CN E MC N S M

S R IT I I

SA N N

MATERIALS S N G A

IC T •

OE 
1

N 0

.3 Refractive .1. Uncoated 0 0 C) j 0 0 0

Uv.Vi5 .2 Coated 0 • a a • 4 •

.4[ Refractive .1 Uncoated .' 0 1 6 0 1 0 0 0

Infrared ..2. Coated 0 0 0 O , O - 0 0

.5 Coatings .K

Visible 10 0 0 •

.6 Coatings .1 •

Infraryd . 0 0 0 0 0 0

.7 Filter- .1
UV/Visblt •

-8 t. liters
Infrared 0

.9 Mirrors .1
0 0 0 0•C)•

.10 Mi-rmrs .1
Second Surface 0 0

-. 1" Qu artz Cr'stal .1
Micru Balances - __ _

.12 Related .1
Optical •

Experirmencts

a,.."0

i i i ii i i0
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0 At the beginlning of' each of the f'ollowing data sections is an ",a" table which lists the

materials addressed inl that section. the experiment location (so that the enlvironm1tienlts may be

determined from Appendix A), the tables and figures related to thalt maiter'ial (whiCh 11re ill

0Appendfix E). anld comments whiichi arc applicable to each table or figure. Each table or

0figure inl Append ix Ft identities thle i ete nrelc fr-oml whtich it was obtainled, the experlimenlt onI

* which It Was II ownl. andl anly appropriate Commnent s conicern i rtg thle data and thle results

observed. A section may alIso inc I ndl a 'h'' table. A "b" table lists data perti nen t to thle

sectioni. but thle data are di scussed Ill (letal Ilil anlother sc~ti on. The sctionl Inl wvitici tile datal

are- disc tissecd is retere-Cited inl tite table.

Ill reportinig nil the I .lIlT ohserv~itionis tbr tite material llowvn anld f~or which tilte (lata

have beCIt redtced~. it \%ais otteit dil''i,'cult to dlCitle howV to plalce optica:l material withinl thec

ipnt/aniees as hown iil [able -12-I. F~or examplec. vwheitll I1111..e opialfltr

were flown,. it also miighit be approplriate to linclude tilte fliglt dii - sct-ion coverting-'

coitled 1-retrativi: opticN bes"ides iejmiltinuth flic Itt01 daaiitie 'l& ill. 0, liwc Ilt

otRIci to wocid liiee-hlesS diiplieatioti. ]It wals decided thtat I,:,[1 I ilii.i minld he (isliset"sd

inI~'lid IJ\'atl w1<uptwil Js-ct(is) lit. pcilisciiN'['(~l itiiciithiot tcae~itsct~i '

a ta Icthatshos wen efecs tr spcitie ptedit !'ral ieCross icteieiccdl to other

sect on" '[his avoids iteedless" text diipliciitoi-i ..d Icp-'ti loii. To iutake thtis haztldhook thec

most USCILIl to opticall decsilitcrs". whenl it is appr)1opriateI to (l~isets .1 )L'.l reCsults lt-I op)tical

littiitetIals Ir1oni other sectii0ils. a ~iitiiv I'llilt M - of1)) tWs littaterials is provided attd cioss

0refclercitee arc give.It to (1irectl the rea'1der to llpl)WlilltC sectiollts comittittingl the primary daita

0 hiitisii T h llis tabhle is idet~tified w iit-h-a'P suffix in il tiliv i thel I ptIitilii1'Y (lilt,[

(JiNCLIissiiii 1'0 tiii flý l! illiith se iiiic Iall isw deiiii," lm . ld in t a i ltlt ti( CIVlth 'If t Wble. Fl:(:

0I..LNM I., C 1 lt l 11 ýc m l lll . ý d ln i- l th il w t lc ll l
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4.3 REFRACTIVE OPTICS FOR UV/VISIIILE SYSTEMS0

A variety of refractive optics materials was flown on LDEF that tranlsmlit in thle

UV/visible wavelengths. The LI)EF diata currently available for UV/visible refractive optics

are discuIssed below and are su~xlivided into uncoated and coated configurations. Table 4.3.a

shows a summary of the experimnicts containing refractive UV/visiblc op~tics, Table 4.3,b is a0

cross-referenlce of the 1WV/visib~le refractive optics flown onl LDEF1- cross-conlelated with thle0

kinds of effects studied on il 3 for these materials.

4.3.1 Uncoaited IJV/Vishble Refractive Optics

4.3.1.1 Impact Effects0

All IA) Fl iiV/visib~le refrlactive: optics saniplelIS SuffereCd sonIIC impa),ct dan11IagC due to

either nulcronlicteoroids or mnanl- made debris. Impact damlage consi.sted of' var-ious nicks and

chpor small quasi -liemisphetrical craters suirrouinded by sNalls wViIh conichoidal surfaces.

S pails extended out by a factor of' 5 to 20) tin res thle central crater si ze. Radial cracks

generally exten~ded two limeis thek spall (liarneter beyond thle spa11 region. InI some cases

stringers or' fifiers; of mloltelln aterli'l werec obserlved.

TIhe maj~or, e1ffect of, the impact dlarriage Is to p~rodulce an inlcreasu III optical scatter, but

apparently, only nlegligible ehianees( inl overall reflectivity Or- tranSm~ission1 (seeC Sc~tions 4.3.1-3

and 4.3. 1.4 below). Thi s is expiected becauIse Of thle overall1 loW valtIeI of' fractionail area 5l
affected. C hapter 6 discusses the overal I e xpLctti onls for hIyprlvelkoc i y in ip~acts onl optics.

-1-0



4.3. 1. Uncoated RiPzc~ih'(' ()1,Ucs for UX /Visib1V SYSW'utx

* ~~~Table 4.3.a. IExperimieiit Summiiary for Refractive 1.!V/Visible Optics

* F;~~XPLIZINEN' REFRACTIVE INN/VSI BI.I OPTIICAL MATE.RIAL:S

AO( 147 U. ncoated 1iiscd Silica and tfuscd Silica Coll hiiiatio0iis

At)171 ( oatCd hlosd siliCa1

At 172 Untcoated tns~cd Silica, low iron soda-linw-silica Qdass. lPvrcx 7740)
Qlass. V vc r 70 13 flavss. B3K -7 cls.andl Zc rduI gi lass. cerilliiic

IvIXX)-2 Uncoiiuitd Inscd silica ('1'? Supcri,ýl-W I. Amcirsi) and coatcd 1*1sedL

NNHOX)-7 AIC) oil SitX. S il 10.51). Nal< onl Sit),

SM~ 1 4 1,1. -;M Iico I Sc L ti Sclsiica

SnO5-l a1. NtV. .i11. AK , Iwollictic sappliice anid uniicoatd I uscd ýJl ca

S0050- IiiCOatcd In1Sed silic.'I UHncoati I. ILL ", t Ii' "'/AI COAIInO., and coated
I usel Sil cai (ARl coaitlu!oS. soltar 1-ic clioh c ut iini

T[able 4.3. 1. lita summarizes and provides aI guide to tihe mlalerials Cotntained III tins

section. TIable 4.3. 1 . 11) shows Iccreferenes to) rclatcd mtacilals/effecits covered HIn o)ther sect ions1

Of' thiS III~hadook.

0InI genecral. fihe in Ur atiagell to the l'used silica consisted of' Vailunls nicks and( chips.
o0sa1' us-hmsheia crater-s Sorroonded bysraeSpalls With1 concho0idal surfaýIcs.

Tllhc sgml s produced Ihe eCltivalenI olt \\ide shallow craters, aroudtiiille ýcentral crilters proper.

"with tile spall extenlding out bY factors of' 5 lo 201 limes tile central crater sue,.. lIn someniceses

raIdial Cracks extended ouft K-(ývoiid til( spal rcunon. byerllv1 a faclor of' ahoutt two (inles

the spall d~iameter, hot occasýionall y 1wiou ci larger factor". '[his, eflect tended to Occur Ol

t or the klarger i1,1mpct craters. For flost casesý the Impact da,11iage1 kvas very bc alii.cd to thle

mimmedCiate Vicinity of" thle Impact sites. Itl Somec cltscs somte snil tsiduti from thle irnlpaclor

was ohsetwccl. orf'- icr/thr' of, immohl'.: fu1sed silica wcre obserlved. '[he numtber' and

sizies of- thle craters, were lart,:st for thle leald iti edgeC. as Cx pected (Ref'. I).

* .1-7
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Tabl)e 4.3.b. Refractive Optics for UV/X'isible Systems Flown on LDEF

EFFEcrs

I A A 1) S S C
NI T B A T C 0
) () S R R A N

A NI K E 1 T T
(C I E' F s T A

MAEIL ' C R N S F M
s A I R I

() N N D)

Y R -r
Gi I.- F
E F 1<

jJV('(A lii) (1VI VJSUI.EY RIIVRA CTIVii OPTICS

0:j,~IS~c S~ 0 0 0 0 0

/.crodur 0 5

BK-7 0

__ 0

(;1K 5

MgI. *

* 01



* 4.3.! Uncoated RcflI-ative' Optics ]6 UX",Aisihlc .Svxwni

* '~Table 4.3.b. Refractive Optics for UiV/Visible Systems Flown on LI)EF (Cont.)

* ---- =- EFFECTS -

0 A A 1) s s c
*N1 It A r .1 c 0
* ) 0) S R R A N

A NI i K E TI 1

*NIATEKRIAIS 1 C R N S I.- NI
S A I R I

0 I) N N 1)

Y R I I'
G F E
N I.-

(y, ~)UV/l'lSIBlLE REFRiACTiVI*?OlPT1US

*NhI:./F~lwsd Silica

0 MgF-, (X I .Mp~)12-thick olFusecd 0
* ___ ____ Silicai

Fuised S IicaIs~l Rir l~cCIionl

Fused~'( Si ti;i/AR 9

NMdYiSi( V

0~slso -- ---
0.-_-_

0o he S i ~ikil 10 Il11, In ll I'INI! 11ii. I P c 11e tle 11 rd fe-lc sIlt e

Iflasscs (1-01 impact epns)al-c mostly Inl llcltilltt tell pcra1"t nrcs, Comlpressive Yield strenigthls

and/or fractutre totteltites.s. I A)WeI Illel ctttpcratnn.'s. With thle possiblit[y of'



4.3. 1, Uncoc4utd Recfructitv' Opri'S filu U VIVisible' SYsteMS0

differentijal fr-actionation of' tile components, associated with 13K-7, can be expected to allow

bubbles to more readily f'orm, and such Were seenI surr-ounding some Impact craters.

Likewise, lower melt temperatures wvill promote m1ore "stringer./f iler" production Within thle

craters and a larger 'melt zonc" ar-ound tile crater.

TFable 4.3.1.1a. Impact Effects Data Base for Uncoated Refractive UJVIViisible Optics0

1.04

- NIA'II:RIAF.. I(;.R: 0I E5) Locail/ed impact daimige.

F-2 1`5 tocalized dantapc. Radial cracking dock'S
ot.ciii hill (It ICS iot ploptitC.1pi great (distance0

1-used Silica hA limtpacltIS site.

L3 1)2 Moltcn glass jcttitig. Fibers 1IM fini long

ploiectiillg It-oil tile Ilusc zone. -_____

1:2D12 (haraciceritation of impact siCe dantaitc.

t)A 2 ( 'ertivl pit Sul rotndcd by Itralt.letedtt~

ill 1tC1 ".one. k c isciiuc

7.codn 151)2 No twit. Stinila dttiiau to thant shown in0

Ficnlic L 4.1) CxccpI ill central fuisionl /one.

I)) D2 ('h:ir~tctcri,.aiioti of impact site dittiage.

IAlklk 'vrcxil~ 1)2II 7d d7i7J iitwot 1101

sphbI). ( utter is cl ircllr.

F-D)2 ( 'Itara(ciciziton ofl Impiact Sitc datmtitge.

F.S D2 ''lflcMtxittic lilt! tlwcsýtlc tin viporli/1itOit

L19 D)2 ( btiait1Clii/;olt of 01lpc 11111M (llt:ic

Nom DlI )2IIIXtIC ;ittl pr~llh\ic to[ Sipoti/:iliott

So.-l iittC-Sil ica __cccc._______ --
D2 im liicu:1illof1111o icdali0c
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Tab~le 4.3.1.1b. Impact Effects D~ata Base for Uncoated Refractive IR Optics Applicable
* ~to Uncoated IN[/Visible Optics

* MATERIAL.S FIGURES (I D!FN COMMENTS]

E. 3 4 1Q F)~ oe 69mnths. Localized c hi ppinrg and tractrore
cxtl~dngInaly alidle diameters.

[used Silica' ______

1 *.3 5 1)Q )a~inagc areaCs arIc lxtential 111,1 Cigh scat, high
-~ -_________ asorplioloi areas.

SiU. t30 1)4 No discerriil'le chanrges exceI~lt r dechi s.

Il.)uring Impact, eiedta with the highecst velci(Cty i's cetwcratexl closes"t to thec centrlal phl.

According to the mode! after Mclosli (Ret. 2). :t particle nipact ing atl a ve-locit v of' 13 kmi/s

produces e-iecta Withi velocities 11p to .51 km11/s. P'resuming fibers Wer produced by thec highest

* veocity ejectal, thec time to poll fIbehrs I101) pin iii leng-th was about 2 x It0 seconds (Ret'. I).

Damage surrouninoltg the irupa1ctS e'Xtend.; to a radIIiuS a11out1 5 timeCs th1C cnItral pit1 raius.

Bubbles e~scaping the melt r-egion of' a BK 7 sample Indicate temlperatures and pressures atl

Impact recadchd thiose needed for)I vapori/zation of,1C titencrorllcteorlit anld/or class. lvidtilce of*

vapoizaionwaIs observed inl BIK..7 and soda ltnic-silica glasses whvlichi coitnainl volatile.

cottponenits ( Ref. I ). Olc( )I (fhe three Impatcts obser-ved Ill YA'todui1 lNhows no evicleicc of't

meltingII (Ret. It). These two classes arc clearlyI the mlost volaltile of, tltose gdlasses evalltinid Inl

11,1iat .le in1clude relaitively' low bolingý coinponcirrls, unlike the Pyre ot*used silica gla~sses

0 which did not display evidenice of1 bublei evolutifon. 'I'lte ma o~r efct'l(C ot the( Impactdantg

prodltccd at stgttf icanlt Ittcrease tll oplital scatter. hurt appatemttlv. only ttegltgible chianges ill

overall reflecitivity or transmvissiotn. T[his is exetdbecauseC ot thec overall low valuev of'

tr-actionail area attected (Re)'. I ). ( haplter' (IIC.'C discsse the II overall expecta Stions fo

hIypelvellocity Impacts on optics.

0 (raler shape~ is relatlivecly ittdICp)CnnIlct of' Itmpact atigle tOt i11macts atl anldes greater

t111,a1 1(1' front1 theC surfaceplat of' theC tarpet. P'ro . ccile shape largely dIcterrtrittes. dialer
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shape, even for normal impact. Impact features believed to arise from micrometeorites

incident at angles between 200 and 450 have been observed in lunar craters. Tile

unsymmetric glass ejecta or debris field associated with the impact in the Pyrex sample is

evidence that impact occuired at an oblique angle. The formation of frozen strands of glass

develops in the early stages of impact. This would account for the extension of filaments in•

the direction of impact before excavation of the crate- was complete. Also, radial cracks 0
extending from the impact extrapoliite to ain origin off center of the excavation in the

direction of tie splash. These observations indicate the projectile velocity had a large

component in tile direction of the debris field (Ref. 1). There are a number of ground-based

experiments that support these observations (e.g., Ref. 3). The effects of oblique impacts

have also been confirmed by CH71I hydro-code modeling (e.g.. Ref. 4).

4.3.1.2 Atomic Oxygen

Fused silica flown on experiment S0(150-2 was found to be resistant to the atomic

oxygen (AO) environment, ats expected for all oxide, and no significant erosion was observed.

Table 4.3. 1 .2a summarizes and provides a guide to the nmaterials contained in this section. 0

"l'ahle 4.3.1.2a. Atomic Oxygen D)ata Base for U incoated Refractive I.V/Visible Optics

MATERIALS FI S I('X'I'INNNIENS

Ft.sed Silica_ Nowi I.. 5 No daun age wa'S discernibl •i

4.3.1.3 Scatter

Fused silica was founid ill geilera i not to be resistant to the scatter cftccts as expected,

tho iqhi no discern ihle damage was ohbserved except for mctal lic film fragnments oin the surface. 5
'Table 4.3. 1.3h shows refciences to related i outerials/CffctLs covered in other sections of tills

4-12 0
n o0
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* ~4.3.1, Uncouted ReJIactive Opticsf]6r U VIVisible Sx'su'ms

hlandlbook. The data shown are from experiment M0003-2. leading edge samples. anld are

typical of observed fused silica responses. This high scatter response is consistent with the

susceptibility of leading edge samples to impact eraterinlg (see Section 4.3. 1. 1) producing high

* scatter sites (Ref. 5).

* 'Table 4.3.1.3b. Scatter Effects D-ata Buse for Uncoated Refractive IR Optics
* ~Applicable to Uncoated IJV/Visible Optics

oMATE:RIAL~S tFkGURES I DEC7 NIFNN

E.T D______ )9 ImpaZC I Si ics produc C areas ot 01 Of :;ua ticr

F_ 17 D9 701) 10oTI111 p~joSUre. SCaiicr i Ic us IISy to i'0 craterI center
livye times that of backerioulid. Fracntie lities are high

0Fuscd Silic'1 E. .3 X Do9 Scai vaticr jns Lwv Iwo orders ofi mioili dc acloss- the

E0 9Cclil. etu scatte. lith-ec orders ol nIlailmiude

-- ___ .41 D9 7(1-monith c.\xpsujic smimjit to 9-nioiih exposure

4.3.1.4 hsrti)lras sso/R letIc

Bvcaulse ()f organlic conitanin iaf loll. thete was at signif'icant decre-ase inl fthe tranlsilussionl

0of' all saimples froim espetirimeen S00(50-2., After clem-nin thle fLIsed silica anld ULF ". [M saples

0tranisim ssion returnled to necarly Wre-I ighi values. No data ate avalible onl the effects of'

cI'leanng onl thle oilier samip Ies.

* Table 4.3.1 .4a sunitiarizes and provides at guide to tile mtaterials conitiined inl this

"sect ioi.
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Table 4.3.1.4a. Transmission Data Base for Uncoated Refractive [V/Visible Optics

LOCATION CM ET

Fused Silica E.10t E5 Cleaning returned sample to pre-flight vailues

IJLEIIG Class E.1 f E5 Cleaning returned sample to pre-f'light values

E. 12 E 5 Organic contamlinatit onl both surfaccs. Catastrophic loss
CaFR in UJV. Tranismission ranges from 0 at 200mnm to

501 percent at 380inm

E. 13 ES5 Organic c ontamima'ion. Catastrophic loss in IJIV. Better

than CaR, and Li,-' because organic con tamniinat ion is
MgF, m onl roilIntMl surflace.

F.t14 E5 -Same ats E. 13.

LFE. 15 E5 Similar to CaF,

E. 16 E5 Similar to E.15S. Catastrophic loss in UV.

AlO, None E5 Organic contamination. Substrate does [lot transmlit
below 150 tim

Sio None E5 Org an]ic contamination. S ubst rate does not tnin lsm it
L below 150) uni

Int the S0050-1I experimnent matetials over-all, the tr-anlSmissionI Of Uncoated fused silica

was ohset-Ved to decr-ease by abouit 3(0 to) 50 percent. mostly in the wavelength range of 200

tnt to 700 ntn. The Inajor cause of this was contaminination fr-om other LDLT' components, inl

particular- silicon-rich deposits thought to be fr-om outgassintg of RTV sil icones. After 0
delaning, the transmission gener-ally r-eturnied to the pt'e-fITl gi valutes within aboutt I percent

(Ref. 6).

Because of this organlic contamination, there was also a signtficant decr-ease inl thle

tr'ansmlission of CaF. MgF,. LiF, A! ,O , and SiO,. The i-ittio of the contaminated CaF, flight

sample to the gr-ound contr-ol led satmple showed the ira nsmitssi ot monototnicallIy inci-easitttg

i-otn zer-o at 20l0 nro to mot-c than 5(0 per-cent at 38 ~ imi (IRef. 6). Tlhc hiighertira nstvisslion

m.,easu ted for- thle Mg F, wi idowv relaitivye to t1he Calt" and I .t windows was, probably due to

the fact that there was no back 1,1l1ii onl the NI g1, win1dow (Reft. 0).
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As observed from the S0050-2 experiment, there was a significant decrease nl

transmission of thc uncoated tJLE'' glass (tip to 45 perxient) post-fliphit over thle wavelength

range of 35(0 to 1000 rum However, this wals dueC to contaminant, and the origiinl

0 transmirssion was recovered after clecaning (Ref. 7). 0Of Interest is the fact that the density of

the contaminant deposi ted onl thle sample vari-ed between coating.s and Substrate marterials- As

anl e samplte. prior to cleanin~g, thle tratusmnissi on of thle uncoated fuLsed silica sample wats

reCdUCed from 94 to 68 percent at 35(1 rimi, while that of tile uncoatcd ULE' l1 sample reduced

* from 94 to 45 percent (Ref. 7).

0 4.3.1.5 Darkening

No radiation darkening was observed inl thle fused silica, anrd changes intransmi issronl

5 ~~were associated only withI the suirface contamination, Or- (slightly) With Iimipact Clailage

0scattering. Also, no darkening was observed for UILErMl. even th1ough ULF.1E'1 is known to be

5 ~particularly sensitive to radiation darken inrg (Ref. 8).

Table 4.3. 1.5Sa sururnari se s and provides a guid wI tilte niareri al s containled ill this

sectionl.

* ~Table 4.3.1.5a. D~arkening 1'M1ects Data Base for Uincoated Refractive [iV/Visible Optics

*NIATLIIIAIS [RI( E't LOS )N ('(NINIENTS

Flrlucd Silica [Noll E5 No dmnkcifinv CMIC~lln

0 IJ~LEI Q~assý None L jNo dirkenimne vident _____________________

Thiese reCsults are consistent with expectationls for the e lectroni. Prmton. an~d Ii V

5 eriv rronmilent inl he LDF1 IF orbit whiere thle radiation environments are fairly benign. For

* -4-15
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higa.her Orbital altituldeS, It IS antlic11I 0pM tdtmtconlcernIS abOLIt radiation darkening should be

increased because of the increased severity of' the radiation environments.

4.3.1.6 Stress0

Stresses were measured i nSome LDEF samples. Both compression and tension0

stresses were observed, thotighi the mlagnlitUdeS Were smnall. These small stresses were found

to have negligible ettec:t onl optical performance, Inclu~ding the CaF2 sample even though a

miriromecteoroid Impact forced cleaving In the Sample.

Tfable 4.3. 1.6a SumIIIar-i Zes anld prov(ides a gn ide to the niateria s contained In this

sect i OIl.

mechail cail testing, Of glasses impacted by inlicronleteorites was performed using a

diametral f*1Xlex ite tSt. TheC test sub~jects aI centrally' loaded disk, 'supported at three points, to

dvii mlic load ing ill a Cointrol led environment. This mte thudt of' testing elimiinates effects of

f laws oil the eperiphry Of the sample (Ret. I )

mceehan ical stresses im1poed Onl tihe tCHIs SIc sufa(ce ot' the samp11le dt111irlg m1"echanlical

testitiC are ,, ' tvnnetric with respect to the loadin~g po0ints 01 the fItilC xture. Imacts not1 OCetli-ing

ill the geometrical center of" the samiple ate subjected to stresses less thanl theC lamaimlum

applIiedl stress. No minoien nctet rite Or space debris i nipactS OCen rredi itn the geomtetrical center

Ot the aplsand no tiacture wals observecd (C\exeep for CA",) to- inlitiate trotn1 su~rtaCe flaws

associejae 111 jillltcromitcorilc ofl "Ic debris im1pacts (Iet. I).0
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0

Fused5 1; 7sticiislli of, cXt isd ;;IlIlptc jnIdisl i iny'isft c I' oni

0 1 .. I D)2

0K Fl. 17) 1:5 Stretilt of Vexposed sample ind1istimpisuhalc from

-. 1) colindo sam11ple

F.. 17)D Streneutil of exNposcdl Sample indisii~iitiyis-11ict 1roln

F- I D 12 Strecif-11 of expo.Sed s~imple ju tni~imnpishabt firoimi

0 P\ ruV(O 14KtF;-- 1)2 Stjeil!'1 of expoccd siiiillpct Iniuisqiimgstahle froim
[K I tcoliii II SamleI

0F. 17 Sir-cmetli of exposecd eni dugnsat oml/.erodil1KI )
C.OT1il1l saimiijlk

I he hieliest stress at anl im1pact site wais 501 pe~rcent o1 the stesto prFouce LIlui

'Iu 11iS't iS (ledliCC( ,1 that Cthe A eetOf 01i-1ltttrl cnspIce debr'is itIlpMCtS re.dICClum il the e'lass

0 stlencli21 by less than 5( 1wi-teem f'or rteo Impacts expe~neiteed inI these experhnnisiL.. A part

from the crateýr vibleIll on the snrlfaee. damnane 10 to laSS exten1ds" benleath the flaw at distanlce

0 1clpendim, (II propiyatmion )f' the radiail eraicks,. ilouc it a uoimuoiiteorid mnay not penletrate 1the

0 glaSS. the reCsultine (le elowrs the nIaximiomi stless the !1lass' Is capable: of' sustainine before

0 f~~racturec. stress eoneellII,,trjIin deCvelopedC byN theL eelee.CIC Of at surlaCe inupaeil LIeerades the

stcleutl-'1 wit 1 a sinai'~l root dependenIce on fl) aw si/c. 111- bra l one ieianics pritV-11 c'alculatilonl

ofsi stucineh [jomin lai\ e %I.' 1d fraýctue onWies paramtuetrs,. Asmiumni n. the (lnameii field

0 fro~1m al 1uieronieteorite or] spaict debris, imu1p1Iot is, hIwmispf'ieafil. lthe 11inluenice of '1pimpct

0 alailiage: penletrat in, to at depth of M 1(1(1 ani deerases the stircimtl I(o .l prcen'It of the

0 miiasiired valuec. Hased o)n thecse Iare'imnienlts. fki lure of time /xirodllr sam~ple should have

* .1 17



4.3.1, tJ/Uoat'd Reftuc/(i vt Optics./Or UV/V'.ixihle S\'su'ni

Inlitiated at the Impact site with an1 applied loald at the -peomletrie (center. of tile saliiple of, le.ss

than I OOMIPat 01 Oar). This Su~ggests the extent of damalge bel ow the imilpact is actually not

greater than 1/4 thle r-adius of' the crtrobserved Onl theC surfa"'ce, thuIS ah Z1 11MspIte rica damlage

Z0one SUlTou n( i ng the Inmpact Site IS no0t true. I his aIccords With thle evidecelC thatl craiter-s inl

glass are usually Shallow relative to their- diameterCIs becauIse o' surfaIce spaill Is(ef. I).

The S00( 50-2 samiples weire measuired phot oc last cleaIIy for stress h f~ore and after- High t

us ring hi ref ingence pol arn mtry. T he Control samlp les; Were also rieasu redl for colitihiaisoit

ptirposes. A summary of' the observed S00(50)-2 reCsults1 followsý (Ref'. 7):

* ) tilie ii icoatled glass and highl reflectance SilIver Coated saiti lpIes. tlie
contatilli nanl. on tile IVeragle, imdLneed a compreWssive stress of -12 psi. A fter
ccaleiing. the stie(s~s levels closely liiatehed tiiose of' tile pie-flight iiaiasrenilents.

O* t iilte fuse~d sillca antirelctaiteumc coated sam11ple. tile conaolitililanlt did not0
iindulce anly inecasurirabl s Aes \srs chainge could notl be niameasud ott thle
solart Fejectionl coated satiiles duite to thile lih leve;l of stres diith coatiie.: aiid
the vtiatioii01 in stress betw~een saitples. A iedittioi lin thle teslevels iii this
Coat111' inewa IIiIti'Cas d Onl both1 the Ii i:lItad Control0 sat11[iiplS. No mpigificaliti
stress changec was ilIicastiredl betecr[i the fI ilii21 aiplisater cleanling and thle
Coitroml samples.

I ihiiciuitia/c~i iitt11mc Jim the a. s~iliiplc 1loiii (\pcriiiiit- A( Wf50

"occurred nlear thle edue~ of, thc sjitiipl holdcr. AIlic imipauci etcite wkas ilmiti I titl ill diatuietler0

With at spalklltoti zonue dial iierl of' about ).5ý tut1. Thie subs)trate cleaved ill two directions 0
outwarfd 1"I-011 the cr"ter sit tWo1 the 0jpp)0siiC sidles otflthesamtple, mid at ani atilcl of iibout 75'.

hric;lilýu h sittlil ýalpcItito threpice s IbiP \eitie51c. th1e t-ipc ile id britltle 1ilatutr of C al: ;, ia

suilstratc niater-il, \\hiile tiiiaiiiiuc111 opltieahl\ tuticit.n'i'l (Ref. I 0).



* ~4.3.!. UnloaJted( Rel'Pativm 0();iCNs Iu UVI~ ViSible SYSte'uS

4.3.1.7 Coiita.iiiinaitioii/l)eten-ora.tioii

OA browvn discoloration cauLsed by a1 conitamlinating fitlm Was evidenlt onl most of' tile

S0t050-1 AEF samlples. Thei film appeared hriittle. No discoloration of bulk optical material

Table 4.3. 1.7a sunmuizinies and provides a guide to the materials Contalined III this

* Section.

Table 4.3.1 .7a. C~ontamuinatio Du1ata Base for UnIjcoated Ref'ract ive I. IV! Visible Optics

MATERIAL~~iS IIUR. LF CONINII:NTS

MI' K 1 2 .2.1) t5 ( )i llic fiilapiwalied ho uk'11

F.2 1 F.5 du toi's'IltiIIII~IIL i
4 L~~C ntin II lilt hioni~)

t~i:Ft.22 F.5 ()zgaiiic ti11 pin wsCnu oil bth i siilaices

F.23 1:5 ( )ialiic f11111 apip~cied spl:iyvt oil

A I.,). L.2-1 F. 0 ilic. f~i~iil~ilPksiflt i l kiW th uiit'cIiit

F.. ot i2 1:5 ()I'II foi ll]] pi esCIII on bouth snitk-

A Fourier TIransformni friared ( IIIR) 1 spelrollneter (ptiltliie for the 3.A tii qpcctral

region waIs uised to measumre thin oranilc flins onl experinivict S00(50- I samiples. Strong

0 narrow mlethyl and niethylenec ab~sorption bands are In lithis (3.4 1.11n) speCtral eIVIoii1. The 3.4

pil contamination nleas(nreanen~ts oIn tile MgIO.. ('al.,, and 1,1i1 winldows were typical of, many

hydrocarbons. lhis prohably is a eut ofS11 1'IjjIh lmaeialK na~jigSSinlg. TIL abscnee of"3.4

11n1 ah.sorptionl oil S10, showed substrlate selectivity tRef. 6).



4.3. 1. 1II1( Of Ite'( I'c'/li-ctive Optii~ fiA [It 1'/ V'i.ýibl) S.Nst'fms

Pfuotogriaphs' of tile Ngwinldow showed sharp edges of tile adherling 1film1 Indicating

the 11Is 1)1-111ittc. Patientls onl the 1,il11 Ind~icate ithe coniItatflhiintft mlay be of low viscosity. I'll.

ph~otog:rap~hs ind(icate al sJprax'd ttreto thle fhilm (Ret'. 6).

4.3.2 Coated I V/Vjsjhte Ref'ractive Optics0

4.3.2.1I Imnpact Elifects0

A\ specific, tiskctI'ýsIof(iit' Iiattetials related to UnJicoatedl Refractive Ii V/Visiblc Optics- is

prne]InI Section -4.0. 1. 1, flmiop'cls I-fcl.ct on I R Co'atinigs. InI genleral. all samples showed

soIlic uimpiac e~ffects.. lThoNe sdilfples flownl onl experimlentt N1000t3-2 and onl thle leading edge0

(ilt locations D)8 and DO)) fshowe-d seveiiil licroofractnlics, the traIlinlg edge miuiples

eere cd lating as helk pmnntar effect. The NJ- ol Sam. 'IIple flownI onl exper~imenlt

N-1100t 37 ,ht),,ed dchlanlinti mi ad damui;Ie f aver removal) hy solar- U V1 andl AO- ).Table

41. .2.11)sow cfeeie to reCl;Ited mateial';[S covered inI other handhook chapters.

Tale i 4.3,2.11). I mipact Effiects D at a Base F'or I I V/Visibtle CoatMinigs ApplI)ica ble to
(Coal ed Reffractive IN\/V[i hibe O ptics ~.-- -

NI A I FItS R A l l I .I( ( .' t )i ( 'S )F C N IN I F N ITS

I0 A! DOl '(

..\f.( 1), oI It 1tlo .1k iiict~. Itllodouf k0ak

Au; f It l 0111-



4.3.2. Coated Re/)acti(U I~'UVVi.ijbh' Optic~s

* 4.3.2.2 Atomic Oxygen

At the present tnicm, no data have been f'ounld forI thilS s'ection.

4.3.2.3 Scatter

For Ni gl. Coated s ilica. thle i n ItCi ScedICI scatte was Ibund to be less For the leadingp edge

than for the tr-ailin~g oneC. TII i's rsl~t Was essentially the same for both 9-month and 69)-month

exposures (Ref-s. 5 and Q).

As shown in Fw ure F'1. 28, there was over anl order of, na enitlude c hanwc inl thle

bidirectional mcflctanccec distribtion101 t'unCtion) ( B RI ) ) aove 5 degrees dfelt., theta (Ref'. 7).

Table 4.3. 2.3a sunmmariz~es the ntatcria Is and proyvides Comments Concerning thle data

0 Contained ill this section.

* -- Table 4.3.2.3a. Scatter I1i'ects Data Base for Coated I lV/Vi-;ih~le Refractive Optics

- - NI ..VVRI ALS FIGUR'RS __(ONINII;N IS

N1-' '/~jIe N*); 1:.27

,\i/[ I.!> 1:55 immcrca.'c inl scalier

*4.3.2.4 AIbsorp1)im/'Iraiisiniis~sioni/Relleciitace

0Ail Iof thme sUbstrales anld coatings eXIIer('ICnC(l a signltificat perloi-ilutmm1Ce redulction after-

flight. buit al1ter clain011"g w.ith normal solvent dIrag mecans (except for thle Ak-coated samples

*~ 421



4.3.2, Coated ThRe,1ictii'e U/ jhcOptics____________ ________

Which Could not be c'aneod ) [lie Sa1mp]e optical performa nce returned to the pre-flight

mIeaSure-d values (Ref. 7).

TFable 4.3.2.4a summarizes and prov idCS a1 guide to the materials contained in this

section.

Table 4.3.2.4a. Ab~sorpItioiu/Tiri-kisiiuittanice/R~etl~cataice Data Base for
Coaled Refractive IJY/Visible Optics_______________fMNATE'RIALS/ FIGUE j DE CO1 N1M0T

C:OATING;S ' I A TI'ON -((N~lNP

F15 (OIIIaioiiiaiioI e-duICed 1EISal~ls llso . ('teiliiiii vcIurii'ed

ksed h l/ _____________Samiple to t)Ic-..Itil' Ii alijc.
Solair I~c jectioll [13 5 C'onltaminat~ion edce ICIiICC t I.laI~i.,iNOI. I t l'iiiiig. ICRIHIMi

______ _____________ _______ s:a11J)e to jwe--fliptii vat tie. __ - _ _ _

1K 1: ( ontaminllat[iln redtileed irlsi~llnissioll. (Iecaiiiiig relliiiiet1

hiZfSilca/ CI* (nlaminiilaioii ICetdid fl5i-anj5issio. Normial cleanningp
Aillizefleijoit [.32 S mcii.'tods not cttCicci\'. NCCdtLd C.\t)OSIOIC lo oxygenl

Anfi ____-i______ _____ piasnit to imoprove jx' hlhiortlalcc

Tahic: 4.3. 2.4h shows referenlces to i-c ited Imaterial s/cffects Covered Inl oluter sect ioiis

of this handbook.

Ihe flight stiniplcs from experimtent St )t5( 2 were mea~sure~d tot opticaIl perform anlce0

fromn 350) to 1 2(M) mlim. ( )f interst in1 thc nlicals(t-ileit cus is tile fact 1hat11the optical desItV of

the Colltal)Ill aitt deposited of) thle samiple Varied betwecil cotiuli~s anid subhstrate: miuaiials. As

an exaumple. thle tranlsillissi~olt of tile 1nitenated fused silicaI)I \anISl wasWC~ reucd roim to 08

peicen at 350f Inn. while thait of the unteoated UIf 1 " saitilcl wats redlicel 110111 (M to .45

peiceint (Ret'. 7 I.



*~4.3.2, Coawed R(, wai t'v U V/Vi.ible Opiics ________________

T able 4.3.2.41). Ab~sorpt)ioni/'I'r-aiismiissioni/Rcfkectanice EAffects D~ata Base for Lt/V/isible
* ~~Coatings__App)icableC to Coated Refractive 1.tN/Visible Optics

N1 NATE R IA LS/ F IGtI S DF OINFX1"
* ~SUBISi'RATI'I LOC AT.IiON ((NRI;~

t~t-N~g113 I ( )isiut iwide~t ,a:llllptcs had sigiiiti1cmii~tv-
H 100.4 ('11t1s, reduitced ricttctilictc ovei atI w vliiih

ITht,-Ag! F:.42 011 s ),di is,,teidc \a~llipes stinwkd litte Change ill
B 10t64 ( i I~ . I"C tCctaiice over all %ýwavelengts.

Kangen 4t ( )nside/ilirdc samnples had Nipgiiiicaiittv-

At ~tI F IC~ll(('Li h silic h ad t "ii'ic C feikail lv ikth l ill nd

hK-25-lic Itn~ at uppi c lli .() iisht Ouiipt saipd k hate
sit(lI.it~l ict I-(lictioluecd u acosfl sh1irJt shandt

Indl luuuruionuuc at t1Cbile [idhill aelight oushidet

Glas-ýtu-,ul.idcS.uiussi1ui lii. ttu ed a iha slgl lik ghllle ut o

Il 1ucduu IStu lln a e a tilt-hilcu c i,] . 0 1.ý

0 \'Visible. tt000 i1n1

uuiiiioi/t( 1.-Si(). onl toiic hikc~illamcid~ ()lk;IIýt\ elticicill.

*It m~ l( c aill Tl, 111,1 1c4

*For the case oh- an ;lit irculeetinuu (AR) comhing (Si f1 t )f (X ), i .()0 pit I wavclclngtht the

5tratnsmission dccreased by upl it) 401 pecenmt at 47S nim and 20) pelrcenlt at 900( fuil) hilt ;ctuall1v

0increased by I (1 percent at 000( fill. TIhee ef'fect~s wkere due to at cuntamlnit oll layer. Hihe

eonitaiuuuuatioll \as nlot remlovahle by uuirinal olntdraiq means. Ali atitempt to remol~ve tilt

eonaluintuo usngautoxgen plasrila hot 31 houts" onlly palrtially restore-d the transmission.

and the i11rowilvcll t was s)IN huit 1( pciteilt and wa>, hlmited t) tile wavcleneth rallile Ill

* 35(0 to 550 uint (Ref. 7).



4.3.2. C oaled Ri,/1active bY!i',A xhit' (),tic ___

Fra Sample wvith I solar reCjectionl Coating, tile post-flight transnmission Was almiost0

ide'llieal to thle pre fl1ighit Values, with a 3 per-cent decrease inI thle wa-velength range of' 100(1

to 11501 urn (Ref. 7 1,

A\ Inhli ret~lemctic silver coaIted t12111 S itsample (With conitaminanit and a1 Control Sample

I.WrV meaisure~d for BRUIA. A tear order-olt-magniude Increase III scattered light. Was

meaCsurIed abhove 10"&1 3 del ichta oil the t'lfligt samlple versus thit of the Control Sample (Ret'.0

7).0

4.3.2.5 D~arkeninig

No raidiation (larkenitte was evident (III either tile (ll .1:1% or tlte fused silica glass"

"suhbtrates flown III ('\PCI'ittlet S(1050- 2. 'iheseL resuilts are consistenit with expectations for0

tine electron., p1roto0t. anid I i V envirolunneotl III the 1.1 )IT orbit wherel- thle radiation enivironlenlcils0

ale t a ik ri 11,1 v be nun l 1ii Iele orbitlaitues It IS antici0pated that i'(ceiv('n abouit radiationl

dar-keilill: of1 111.1", \I 'hould be illCreased beca.use (f thle inicreased cverityl ot- thle r-adiationl

ett1VIrolntticilts. ('are shounld be takeni in thciie us ot Il V \"I at these htier altitudes (Ret'. X),

4.3.2.0 SI less

1.(or hwili\ cotrts aAt jId mflat (leerlort coaitings tested itt explerimtent S00511) 2. very

1111 dittle lnark III Ž"tresses ( )hs(.Ivx tinl [)()',I Hlil cliterus peIc lielir Netl. 7).

"Lil I Il']l ,ý ild II-t% LI ' A j'[l C t 11 1IX M 1\ ý lld [W 11 1011



* ~4.3.2. (Coated M-)ac/tive I 1 I /isihh' Opuii

* 'lTable 4.3.2.0a. Stress IDall Base for Co(atedi Refractike 11. V/isible Optics

* ~~ ~ 1 1 G It'I( dIlU RA) 'OININIENIS

0 ~~~IuSCLd SiliLca/A 1:- 5 ( oliail~iani did not iniiioduccui~.iiih ics

AR InoIdd

'iIctiigi'c aiohiiiic" i>.t hllilmtiitn \luip( foriL miifl'Nli~w an fellihwsn

A ,timiry oilc rcslilts hid lowN (Ret. 7):

( )it iC giit~ie lass lunl hiu01 1re](tlee cilver Coined tiles i
Coll tittil~l 11lt. (il lilt, avet"Wge iltldicTl ;I kcotl)teisVVeI stress oft 12 psi. Miter

drlt~illig th1C sties-s levels V elsll' iateliedk tho 4 tlt'i pIe-t14let nesuetcis

O (il theC hlise~ dh AR eulaiwd saijle hliii itiltaianlllt dtid nout Induciie ally

iciie.isitahle stIress.

0 S N st'A cli ims~c etiiih lit)( be ilkimieciiiiillo 1tkhe )Il soit ie'lleii koai(lv stlitics

0 (h~~~~~lk-tliil) ul' ilid '~ tcoiiiil Shil~llNc. Thc tessas tiiiiIiel ilet signs".

4.3.2.7( iltt'io!I)tiatit

0~ ~~~ r\ aY Pliotoeledick.I i ji ioop (xI'S) ailmlYsis (l xptttit i S0l,050 2 samtples

Showed tile' iliiiiii,' atil atlites. to le eoveied %\ ilh i thlii layer ofi pol~viiler whiehi

C"milaid selxil COlt. hIt'lk oltatillililaiti a hiL riuomli stiiil., las ilIm(tii e l Iflit]v ilsi ly with

110au11tal CIli'llitiiin leChlAI(tiiili" lscpi o diiith AR coaitml:) ( Ret. 7).



4.3.2, Coau'd Refr-active U Vd isibil' O)pjjirs

Table 4.3.2.7b shows refer-ences to related mazter-Ials/etlects Cover-ed ill other Sections

of this handbook.

T able 4.3.2.71). (Arntamlniiatioin/I)eterlioiation Effects Data Base for IJV/Visible Coatings

_________Applicable to Coated UV/ Visible Op~tics1

MATl'IIAI.S/ Fl(GURES LIMA11 C)NINIKN1'S

G fiSUN:h None 1.1 1 'cclii g o f Coalin rg (file to vilcnun or hra

T~or mlost of' thle expernient S(0050f-2 samiples the coniiltti nan wzas silicai-Iike ill nature.

but oil thle UT LFI Ni substrate mid the AR coatting., thec coilf:imnziant wais visibly dar-ker and

apar~jcilld si no 1lar inl St rod u to0 thle Silicone Of' the robbr- gasket which wais used to ii loion t thle

optics. I lowcever, neitherl the teCliativo yeaon tic prcientalges or fth:Ic itelatve Sizes of the siliconl

and Oxygen peaks from the XPlS conclu sively pr-ove that thle contaminaint is a residue fr-oii the

mlont lutig rtibbei gaýsket. (A)tmhe silicon Sources must be conlsidlered as well (Ref. I

"1 p-c lteThtt'iji.' 0du-oglil the AR coatine11 clear-ly s"lo\s theC Si .l'.layers focr bothl

thec conltro(l anld Hlight samiples. I lowever1 the flight Satiilple Ias al Liver. at thek surf-ace

ii)ppirximitiatly .30 A&thick . rich ill carb-on tiil silicouil. The caihiitcmtclit rises a1.ý thle

aoimimtolIver.1' is disappearsd at the contam-inattoion-AR layer- ituer-flkce.

Thew totall 1time req(LIIrC(l t 1pite Ioi the b(ottom of" thle Si(011( ,10 layers wals ahtitost Identical

for bothl thle flight ;ýild cuiolsipe.Since thle hlarnesws of' the (oalt ing onl both mle

wereT aVssumled to be Sirni fat, the "ptitcerngl rates" would lmv haveen ecqlriva-lettt, imaking thle total

coatiing thicknesses thle samet. Tlhi indicatecs thalt elithe t11e top Surfiwce Of thle fl iglit cotiiw 0I
has I)enI r-emoved and( r-eplaced with thle silicon/carbhon aver,. or the siliconl/carb-on hals fus.ed

into thle Si(0). layer tRef. 7).
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* 4.3.2, Coated Refractixe UVIVisible Optics

4.4 REFRACTIVE OPTICS FOR IR SYSTEMS

* A variety of refractive optics materials was flown on LDEF that transmit in the IR

* wavelengths. The LDEF data currently available for refractive IR optics are discussed below

* and are subdivided into uncoated and coated configurations. Table 4.4.a shows a summary of

* the experiments containing refractive IR optics. Table 4.4.b is a cross-reference of the IR

refractive optics flown on LDEF cross-correlated with the kinds of effects studied oil LDEF

for thcse materials.

Table 4.4.a. Experiment Summary for RefractivE IR Optics

i= •I;XIRIM;ENT REFRAC1'IVIF IR OPTICAL MAT'IERIALS

* A0138-4 ZnSc ZiiScfZnSfl'hIF on Zl1Se

• A()A147 _J1ic'( IaCd Iuwcd silica

_ - Al171 C(oald Ilt used silica

U..nhco'aled [n sed silica, l(ow iroll so da-linic-silica glass.
* A0}172 Pyrex 7740 glass, Vycor 7913 glass, BK-7 glass. and

Zerodur glass cc ralnir
•*-- • M(XXY)3-2 I Incieed Iused silica (122 Suptrsil-W I AincrIsil) and

ccaled liiSCld Silica (MgF,1J)

N10M03-7 AIM). oini Si, )I in Si Na),, oi n SO(,

*_ • (S•X 14 1 __liiciledI Wused silica

CaSl-'a-.. Md F:. :.A .( ), (s teiIiic sai•iliire) -anlI
-- Illt'ur ictiatd riused silica

I Incoaied liised silica, uncoated UL ' I " L 1:,"/Ag
W50)-2 coalilg. arid coated lused silica (AR coatings, solar

-- _ _•_ _!__c__tclio•lo coalint's)

-- • 4--27
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4.4, Refractive Optics fin" IR Svstems •

Table 4.4.b. Refractive Optics for IR Systems Flown on LDEF 0
EFFECTS •

I A A D S S C
M T B A T C 0
P 0 S R R A N •
A M / K E T T
C I - E S T A

MATERIALS T C R N S E M 0
S A I R /

0 N N D
x I G E 0
Y R T
G E E

E F R 0
N 1,

UNCOATED IR REFRACTIVE OPTICS

Fused Silica (SiO,) 0o o 0 0 0

Zerodur 0 0

Pyrex 0 0

IK-7 0 o

Soda-Lime-Silica o 0

_L[_" Glass 0 0 0
C':F:, 0 0

MgF, o 0

LiF oo

AI.,O, 0 •

Zt)Sc 0

VvCor 0

a D~ata 1111alli clll~ 111 ( 111ht 'l.i l• Ic'tIt-m cl d w'tlh'll

_ _ _i _ _- 2 i



* ~4.4. Reftucti'c O)ti(sfJinP JR Svxrenis

0 Table 4.4.b. Refractive Optics for IR Systems Flown on LDEF (Cont.)

EFFE.CTIS

I A A 1) S s C
M It' A c (
p P ) s R R A N
A NI K E T 1
C I Tr E s A

M NATERIALS 'r C R N s E NI
s A I R /

() N N 1)

Y R .1

G E F

N. I. _ _ _

* ~~COATE'D IRI IWIFRA(.TIVE' OPI'ICS

MLFsdý1cl0 0 0 0 0

MO",F 0 ()600)/2-1l' iiii Fisc 0:j~( 0 0
Silicai

Al),Si;o) 0

00

* ~~4.4.1 Unoae lIC~CiIIt Refraicti ve O ptics

AllI I H.II ri-chctivc I R top~tics ;slmilc, Cs stiftccd .solrc inlvicl daiiuge duc to eilichr

111civilt(ICcoroiIs m. luah llilaci livbris. Itlilet I lr &M 1C 1,1S~itv (1 Ofl VZ]I S OLIN M~ids IlChips.
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4.4.1, Uncoated Rtyiracriv' Ii? Op~tics

or small quasi-hemispherical craters SUrrounded by spalls with conchoidal suffaces similar to

that seen for uncoated refractive UV/visible optics. The phenomenology discussion pertaining

to Section 4.3. 1.1 also applies to this s;ection. Table 4.4. 1. 1la summarizes and provides a

guide to the materials contained inl this section. Table 4.4. 1 .l b shows references to related

materials/effects covered in other sections of this handbook.

Table 4.4.1.1a. Impact Effects Data Base for Uncoated Refractive IR Optics

MIATERI ALIS F'IGURE'S LCTIONl CN)NMNMI'NTS

E1.34 D)9 Exposed 7(0 month[s. Local ized ch ippiniig and1 fractlure
exten rdi ng 1many p)all ide dhaiaeters.

Fue1Slca F.35 1D9 Da inage areas are pot entIial highr scatter, high0
ahsorptioin areas.

SiO. E.361):4 No discernible changes except for dehiis.

In generfal, fuIsed silica seeme1d to be more suscep~t ible to impact damage than was

SIO, "R~ets. 5 and 9). 1 lowever. these samlples Were placed in different I.Ml)Ul locations~-I)9

for fused Silica ver-suIs D4 fOr- S iO,. 1Locali on D)9 is nlear the leading edge or ''ralin direction:,

location D)4 is near the trailling edge1. TIhis seems to Imply that thc r'arn d irection mlay be a

location Where optical nintenials ate mtore slusceptible to Impact darvinee (i.e.. there is aI

dlirectional depenldence oil) thle tilrntieioneloiroll/deht-is environmencit). Other dalta f or unncoated

SIO, sampleIs flown inl other CI-11CI eeniint on IT M111- neat ICt leding edge WeIC [lot found.

l'hus. it Is (lit ticult to pro)vidle at direc~t CoIIpar-ISOti between fused sillica anid Si(, C01CIteering

their relative 'Susceptibilities to impact damageq~.

.1 30



* 4.4.1, Uncoated Rej)'activ' IR Optics

* ~Table 4.4.1.1b. Impact Effccts D~ata Base for Unicoa~ted Refr-active LVIVisible Optics
* ~Applicable to Uincoated Refractive H? Optics

MArERIALS FIGU(RE'S DFCNIPT

F. _ o aIe im at dai llagc. .

IFuscd silica, 1olli illl t ic.

*D k:. ) olicii glass IcC jug. FIihis 10 1 lo j n b g

40 D2 Co m a p)7 m'iu~~ c igii l-uo fill ij);nty sli' llillc c.

Figuicl F_. CXCL'fI ill cciuinut ftlioll /0114'.

F.1) 1D2 ('Iaractcu-lituuol of u1%l "tlct 'ott il~~it'c.

IE ) I ) Wit k i~li'i /113it liiII liii tcL I 'lit'.% i lw .iiiinii'

4.41. ktcmic(it -ti-

Sff5 2 o a Loit to 1) t1sstit 1111 Clt -S ) Ih~ti~ttit Is Lx c'~ I'r Lil\ Cc CL~h i.

0
* Daa wtN il ' 11 m i-13c n " I

0
0 _ _ _ _ _ _ _ _



4.4.1. Unhcoated Rcftacnive IR Optics0

slinI~ficant erosion was observed. Table 4.4.1 .2b shows references to related materials! effects

covered in other chapters of this handbook.

TFable 4.4.1.21). Atomic Oxygen Data Base for Uincoated Refractive IJV/Visible Optics
____ Applicable to Uncoated Refractive IR Optics

MAERAL FIGURES jI)AlN NoCOMMENTS -

FISf 1i Id None F. odmgIa diý.cernihte

4.4.1.3 Scatter

The Optical scatter in1creased sign if icantly for nainy samples ill experiment M0003 -2.0

MIuchi of, this Increase was (Iuc to surfalce conitail 1 it ion 'l) I-1t i rIg finuti1 Ou~tgZSiIss i1 Vil f anoiOS

si liconecs and hydrocarbons onil) LDF and( par-tially due1 to par11ticulte1, (feb05-I. lPoSt-retni-eval

Cleaning remlovedl the( Contaminiationt and redutced the( scatter by tip) to threec orders of-

mlagnituide. I loee.impact linduced craterinep and Cracking stil gave. local sc;,ter. of" 1il) to

ive oRidCsI (If iagIiutu~dC 1110VC the backgrounId le:vel. Thfe daI (ta eolnstrated that the !eadingj

edge suffer-ed imost. but there was also an in1dicaltionl thamt ile scatter was Increasing to sonme

kind of' luimit omr qui i britui because the increaSe Inl scteing tinlte 9)-m1oth exposures was0

smiui lam. to thle increaste Inl scattering inI the 70) mouth exposuire samples ( et's. 5 and 9). Tfable

4.4.1I.3a suuunamiizes andl provides a guide to thle mlaterials contained Inl this section.



* ~~4.4.1, Uncmil'd TfRiri-actv 1k Optics ________________

'Table 4.4.1.3a. Scatter Effects Data Base for IUncoated Refractive IR Optics

* NMATERIALS FII(,RF. LDF COMMENTS _________

[: S3 1),) IM XC -;i a t C.S ICI(XIUCC IIIL'&S of I1ii1 ;C;IisattCl-

I:/D9 70omonon cx~xsuirc. Scatter hininsity from crater ciente
Ji\' (CIerIS Of l1);g1it adC timeIS 111t 1Of bac-kgr-ound).
Prlllctilihes arc high Scalter sites.

Fused( Silica k38 19 skeater %alies hy two olders of nagoiitude ucros's the

1.. 1 Y)9 IM(( langjdcdSLcltlei t111eC OrdelH 0t iiuiiguuutuiJde

1 YK( ) ,'-nU t11 txfýIXP1( S1111113110 110111 CXluuull

0 l~~~or tite MOM~l) 2 .simipicJls a thuivc l)lI\( lll&(I/Illu plait 'A¼IS d(wle\'cldli and is

0 ~ ~ Ivl)ill) ititlpilieiteulu it) (lctc.tliil(.'1 SAuiIt)IC' i0l)tieiil tiuiatr (l?-r):iiatiiuts adi to olutrictte

1uicaSLi.(1.-c td(I Iida n \0it1 Sl\it( ( ) c lnslc. D111ri1i1 I'l~s .\lli.ll1 w ich1 still o~i2.uuoi8l a" of this

adti. exposti(l (Iil)aittlot. I IieIut~~i5t1.il IliC noitdeticti''lo1VC ;1( ta 1d i ude ( I) hlli

surftace photogtapltv. 12) hieili i cmlttion mtichroseoW midi photogr-aplt. (.3) preparitioti of a

0 ~~dotailcl surface 0a.() aI'sor-ptioit. I 1 tt~iaimNi.iNloit andI!ClC~1Q (0) ullipsolictt\ . Ch

0 ~ ~~o.Mc 5(itCiRDF3~ )1: and (X) ml aitipaCt si tv o.C1111t.

Tcli(twi(Iti2 VIII1 I) liscd t) &'011C1 (I"ii ll iikiLC 1olt J)Ii('i.! iild cilticisti"IY fui (IL-)tlt [Cioli Irs.

aoltic poptilkitiol (Icllsite. CIC.t c (plt[. ailid titass loss. lechitliqtic"s (IeT'ieite(I t iivestjaedt

0 ~~(lic fttidichnlCita~IlCtiN fatvol tu ie deC!'?titt dll illii i ll' 11.11YaiSCS iittltivc' alid cl titLI

I )tuIiing Iltase Ill. selectedo smipui ;kll~e \ih c Lc~l~tcllc IiLckolill~u wC Nstadltdt atitd/or

ilt1tCCVittiVc oJIliil' c(Ilitil ilJI(((tlN SL'LLLCkw PI l;tse I w(t\i~llIC. hclcIcmti( cC lodterhlte111 It



4.4. 1, Unlcoated Refrucciixc /H Optics0

the sample's performance can be restored to an acceptable level. A small number of' sampiIles0

Will AlSO he tested tfor laser' dama1,1ge.

The following p)aragraphs Contain thle most recent status of' the P1hase I reCsLuls.

F ul I--su face I'l'hofogra ph Y: Full-surface photography has pro)ven to be at valutable tool

fur' surlface mappin)lg an1d is at simple technique inl which the sample is placed inl a dark roomn.

illuminlated by at high intensity light at at high angle of' inc ide nce. and photographed. The0

photographi Shbows Suirface irregulairities it points of' scattered light. AllI full surface

photographs were taken inl a ('lass -100-c lean eniv i ronnientil .Ilach Sample sur-face (frontl and

hack) has been photographed twice, onlce With thle San 1p IC fiducial mark atl 0' to the direction

of, illumination and againl at 90". The photographs reveal that Surface contanilI[ination and0

damiiage vary greatly From sample to samiple (Rets. .5 and Q) .

There are Significantly nunoe Scatter sites onl LIT.~~ flown samlples thanl tile Control

Sample. Imiplyinig That thle LIT .)±Space etivit-onnilent Significantly increcased sinrfkice

cuiailiail anld/or damlageC. T[le increase inl Col It'll]tnnat i ot/(alattage becomes Ceven mlore

apiparent in pliotogra p'll', of' samlelIS eXposed for Ilonger- periods of' ltime. The scatter sites

shown inl thle kill surfakce htgah are beingj. in1vestigated with differenltial interferenice

contrliast are bingIý ma1ide lot' u11Snusua COHMttal~lilatilo'il ares ad Impact sites. O ptical

11ii'estirlciliietis are being madle on thle hligjYhly blemished surfalce area;s as, wllI aIS Oil thle cleaniler

arecas ( Reis. 5 andl~ Q).

.I icrLoscopy: Initial microscopy on thle optical Samples ivas pert ormed by [he

Aerospace (Corporation ILos An)eles. (alit oiniai) atl the tillac the saitaples were removed froml

fihe trays. Ph1i lips Laboratory isý perform111ing- a finall microscopic evalluation onl each sample.

'ile fill surface photographs which have beetn taken of cach surface are assisting ill locating

some11 Sites requIL litl! ing (i careful e isanataton ill Phiase I and Phase 11 clua-actet'izat i oi. '[he extent

of, debris and liaicrolliietcorl-Ocat-iseNkd damagelý Vaieis. lor exattipe at strike onl NMgl-coaited



* 4.4.1, Uncoated Refiwcuive 1R Oplics

*fused silica is relatively constrained. Inl contrast, anl imrpact onl uncoated fused silica produced

localized chipping and fracture zones extending many particle diameters. Optics with

damaged areas such as these are potentially high-scatter and hilgh-absorption optics (Rel's. 5

* and 9).

Scatter MeaIsurmn1Clt.s: BRD I1 measuremenclts onl thle optical samlples were made Onl a

S research grade scatteronmcter, H1igh Resolution Scatter Mapping Inlstrumenl~t (IIRSM I). operated

inl the Ph ill ip L aboratory Optical C'omrponents Branch. lThe I !RS Ml Is capable of' hiigh -

resol utionl-scatter me1asuremenclts and surf ace-scatter mvappinrg. All scatter data reported to (late

* were taken at 6328 A. It Is anticipated that Samples Flown oil thle Icadinrg edge anid/or.

ex posed for Ion ger' perilo( I of' time may Ie Irrore hiigh ly scat tenring thanl samnples flown onl the

trail inrg edlge arid/or CX posel I or. shiorter P priods of' little. Tlhe sample surf i'ace wats exposed onl

* ~~thle leading edge f'or 70 rmonth s: thereibre it wats anti cipated that this surf'ace woulId be' hiighlIy

0 ~~scatterinrg. IThe scatter niap ( sh own inl Append ix F') shows scarttcr vary i rg two orders of'

1n1agiiitnnle a1cross thle Sari11IpC SUrITaCC ( Res. 5 arid 9).

The effects of, rIlic r'onietcoroid (lanage are Irmportant for' brittle materials.

5 Investigators have found fr-acture lines extending 2 cmi froni impact sites,. Scatter Irrtensity

* froni die center of, thec crater is five ordlers of, miagrnitude greater than11 thle Sample hackgrotnrhf.

1Fra.cture- lineCs exterrdirig 'FrontIre 11Crater. arc high11 scatter. Sites oil tile surf'ace and arc rindrcatcd

Inl tile rilapping liv r'ows of' peaks. T[le intensity of' tie peaks is betweern orne arid threec orders

(if' riagnitude greater thanl the snrrfaeic background (Ref s. 5 arid 9).

Scalttr'e( intenlsity' Versus detector' arrgle for' Var-iorS f*IrSed sillica SairpIIleS WCre

evalluan. d. lTne data show the expected treri(I betwceen trailing edge annll leadinrg edlge sariipfles;

* n~~lariiclv, that tile ground control sarmphe and~ the trailing edge, 3-rioniti sariple, are the lowest

5 ~Scatterinrg of* the four samples, while diie lead rig edge are tile urost hiigh ly scatterinrg (Ref'. 9).)

T'ile two leadinig edge data curves had tile ,arrite shape Imiplyirig thrat the Colltar IIiiiationn

*contribulting toi scatter is tile sariie onl both -surfaces. Further. die niclasured scatter oil hioti tile

0 1



4.4.1, Uncu'oead Reirlactive IR Optics _________________________________

70-mionthi and 9-month exposed samples is thle same. Two possible explanations for this

phenomenon are: (1) whatever is causing thle scatter- reached a l imiting or equilibrium0

condition where scatter is no longer affected or (2) contamination onl the 70-month Sample

wats removed by A0. r-adlation, or somle other type of' scr-ubbing effect which lowered the

scatter to a levelI comlparabale to the 9-monthI exposure sample (Re f's. 5 and 9).

A preliminiiaary at temipt to deiterniinc the precse nce and n agn i tIide of' scattering fromi

surf-lace Colltaillinatioll was made. Scatter fi-oti the fiepc sid ojf' the leading edge, 70-

nIonit h. unacoated f used silIica Sam ple Was Inceastu red; thle data Shows the surf~ace is highly

scattering. TFhe sur-fice was then blowl Withi anl air brush In anl attemlpt to rI'ClIove

conitaminiation,. and thle scatter measi-uremen~it Wats repeatedC~. The data show that thle sur-f'ace

scatter was not reduceed. Ani alcohlol dirag Was thenle'(rfe twice oil onle-hall. of' hie

surf~ace, and the Scatter Was eIneaMISUred. T[he dalta Show thalt cleainIIg thle surfa'4'ce teCducd thle

.scatter. thre-e ordcr-s of, mlajgnitu~dC Th'lis INis asienif'icat1 reCduiction inl scatter, inldicating that0

there- Is conlsider-able contamtination onl thle Sample surf'ace and that blowing the surf'ace with0

a- iS not effective IllIcileovin~g It (Rt.5 and 9).

4.4.1.4 A l)srp-lihi/'I''alisthlissioni/Rcf'lctchinýcc

SnIplel~(s tlviwni onl ke\JcI-illcnt A\( ) H8 .~~1 H(I A.lk location 10, lca(lIlng edge) wereC Rested0

1 . r sjicti'al l)Cet'fol'liiallic('. P~ost *Hi~ht tc'\ts in1(likcat Ino ;1,1i liicalit Lhi~feI'clices Inl /.ttso spectra~l

couitita med inl this sectionl.0

Tlable 4.4.11.4a. A bsorpt joti onTa iaistuinssioai/Re11ccta lice~ D ata Base for
Unc)Loat ed Refract ive I R ( )plies___0

M ~A'i+:k lAi. 1 R'(.'dS lii:I(AONI'N'IENS J
I F( 'Al I.N

I - -'A ,TJ )
/Iic No c N (11ciilkLInsikolllp~lullili~0

.1 3o



* 4.4.1, Uncoated Rifr-active IR Optics

T1able 4.4. 1.4b show's references to related materials/effects coveredC inl Other Sections

of this haundibook.

* IFable 4.4.1.41). A bsorpt ioflhTraflsm issiofl/Reflecta lice D~ata Base for
Untcoated Refractive LJWVisibleOptic s Applicable to Unicoated Refractive IR Optics

5ALZIL F IGUJRES LDE C(NIMNIINS

Fue- iia F.___________ 10_______ L" 5 Claninig return-ied samlple to pie-flight values

ULP G . ' '(lass' 1:11 F5 CS(leanin g ret niled sam pie to pie -ftight va lue s

1. 12 US1 ( hgaiiic coilitaI i niaiit on bothi surfalces, ('atastiophic loss
Cal:,, ill UV. 'Tiansaimssion iaiiges fromt 0) at 2tXWim to

0 U11. IH F.5 ( igaiic coritaliiialioni. ('ataistioptic ('ss il LJV. Betcter

0 thtan Cal:., bccausew (tgallic Colllilt iniiatiloll is onily olt
MgV' I hol(' Sail ace ((Oliltliuait Olt fi liii iiiidMlICi1tl1V icltioVed

tioiii baick SLiitaCe).

F . 14 1:5 Santle as Li.H

U. IS I Simiilar to talK

F~.t 16 5 Similar to L. 15.

belowv. 15 fitll)l

Sit. Nomii FIS ( ig;illlL' 01IuIIi~i iialioiui. Slibstraite (toes lnot tianlsillit

0 ~ ~ ~ ~ ~ ~ bo 150.. ... .. .. . .. . .- .

becau11se of, or-ganic eonitanunataott. there- was at sl ign Ificanlt decrease inl thle ttattsimuissaOtt

* ut all] samples. Alter cleaning, the fuLsed silica1 antd Ill ' sample., triiltn 1istttSion teturtned to

neatly pie-f'light valuecs. No data ate available onl thle effects of' cleanlin Onl thle WIWI'

saitlllpes. It should he inoted that these (alia ft'ontl Section 4.3.1. IAr for fu1.t'sed stltcal satIples

flownl onl I .l eat thle tralilitig edge. The fused silicai satmples frotm expeimtnet1it M00)03-2

\V Cte flownV near- thle ICled g edge. [lIe exalct cot'ielat ionl bct wcctt leald ng edIge an1d IttaliIing

*edge effects ate- still to Ihe tesolved amilong thle I l)L1 ex pein mentitrs.

* .1 37



4.4.1, Utwoured k iractive II? Optics

4.4.1.5 D~arkening

Specific discussions concerning materials of' interest, suIch as uncoated fuLIsed silica. arc

covered inl Section 4.3. 1.5. Darkening Effects onl Uncoated Retfractive UV/Visi ble Optics. No

radiat ion darkeniing was observed inl the fuLseCd silica. *Vhear-gumlent conIcCrninlg di Here nees ill

responses for trailing edge versuis leadring cdge samples dIiscussed inl the precvious Sect ion on

ianlsni i ssi on do not apply here for darkenling. There 'S no0 assumedCL directionlal -dependenice inll

the r-adiationl enIvironm1lents.0

'Fable 4.4. 1.51) shows references to related inlatCriats/etTc~ts covecId Inl otherI sc~tions

of' this handbook.0

TablIe 4.4.1.5k1). arkeninig Effects 1Xat~i Base Imr Uncoated Refractive U V/ Visible Optics

A J)J)icahble to U)I ncoafed Refractive JR Op)jtics

Iusc Silca L NoilL't 1 F. 5 No diikeniiii cvidL'u m

4.4.1.6 Stress

Spec.(ific discuissions" ConIceiniin1 maeialsCII-1 of, interest, Such as uIlcoatcd fused silica, are

covered Inl Sect(ion 4.3. 1.0, s tress Effec(ts oill 1.ncoated Re Fiacti ye I. V/Visiblel Optic's. II thle

t.'VNisibleC sam11ples fhowvn inl eXperInIICI~t SOtII -2.. SIIeSes %%ere OhNCi\'((l inlII i'le fusd si1lica

1)(i were- 1,011nd ito have a iel icilie11 effect on opicl peitoiiiaik

'I able 14A. 1 .01) slows. reOferen-ceis io rclated niaterlals/ef fees covered Ill othet '.eio

f)I this hiaiidbtook.



* ~~~4.4.!. Unacoate'd Rftacfi~vv II? Opti'CS_________________________

Table 4.4.1.61). Stress Effects D)ata Base for U.ncoated Refractive IIV/Visihle Optics
* A pplicable to Unicoated Refractive IR Optics

M NATERIALS FI'(; IR ES IA ATIN CONMME:NTS

*F. 17 { F5 Streng~th of' exposed Sample iiidistiiilpii.\1hchoill'
*Fused Sil[icu' coif9 1)2ipl

11.1i,* F1.715 Slrcivi lltf of- t'xJp) d ý:llilple inidlIiiii~tifsfiaIhC tafloil

cllilole

0 ~ ~ ~ B -7' D2/I SlriiCIfi1 ol e'pow a mvI~iipleiil.iitiiiibeioi

Voa 11li- ii I D. S itiaI'll'1 01 QCi11isa~ Niijala Iii PA\IIii I ilý alC I %1;1 - 101

,'.eiaaafiii I.. ID/, SiiIclwilial (1 Iat)\LaI smilliala. iil'iiiii\ie~ 111
co lili tl Nmiliajal

t).al~~~e poa %aitlildc II(I111,1"m~ itIr,.tiiioIi% a 'claa ai

S.vl

A~s wAitht prcccl'(Liii, st.cIiois, (lic aii. 1.tta lui Secljihli *1.3. I (0 ilk.Im* I hc fl cxpc.IiIi iciit

0 110111ro cx pcilmient MON 1wccfl own Vt'i lwlf Oiwi lielda(iiii ckl!he. 'i'ii cVacl ýt CI-dlS ltl~ lt-clwei

lcad~iniiclp. ee iiid l cilii dpe eI'lleets is still to) he iudctalv al ;ilmilg Owe 1.D1 )I xe'iieTe

* ~~~4.4.1.7(*otainto/I)trrt o

A brown~l (ld .'isc lmaittoii c~itistd Ihy ;1 0)111111iidtl 1111m W85 1111 a ' vdil~i al ilimst ofl tI1C

o 5(11)D501 I I.DITf samtples. The 1"lmn appeARed Iruitia. Noi ()aiioaIuii hulk optical itatcrial

Wa01md

.1 ;



4.4.1, tUn cnatd ReJractit'e II? Optics0

Table 4.4. 1.71) showvs references to related materials/effects covered in other sectiuns

of, this handbook.

Table 4.4.1.7b. Contamtlinationl [)aa Base for Uncoated Refractive LJV/Visible Optics
_________ Applicable to Uncoated Refractive IR Optics ____

MTRAS FIGURES ILOCATION COMMEINTS

il 201 £5 Organic film lappeared brittle

AF), 122 F5 Organlic Wilpresent onlbt ur~ae

sim F(~ .25 F 5 showed substrate selectivity ______

F.2 .5 Sal W)Qinll hplet.A1r oil both Sides0

4.4.2 C()aui-d R Refractive O)ptics

4.4.2.1 Imipact Iff-ctls

A~ 'Np) ltic (I i-SC eSsi M of' IMater l s rel ald to Untcfaldtd k. frcli ye I R Optics Is0

piesen~tcd itl SelkciOn! 4.6. 1. 1 . lttpacts 1I I 'ctds on IR C'oatings. In gvneral. all samoples showed0

Sol]), 1111pact effects. ~, ('loly those s;1wples flown Inl kleaing edge locations Showed

se" r1:11 mic teftacturc. . 61Ic 4.4.2. lb) shows references to related inaterials/efleects Covetred ill

olilk-er Sections of this la~o
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* ~~4.4.2, C.oate'd Rcfrwzi av' IR Optics __________________________

5 ~~Tabile 4.4.2.11). Impact Effects IDaw Bas:e for IR Coal ings Applicable to
* (:(~~~~Coaed Refractive IR Optics_______

M A T E RI A S 
- -F O M E T

ALS/ FIGU~ RE.S 11I.0)

F5AN [)(I .aXi[po laver remolved flown iU)Ulol impact lawc
* ---.~.---~.-.- - - - -.-...------. dc to;1 LIV'oi AO)

T1I 1,/,\Ai( Cr/ EK.49) Ill) ( vczl l (hiiii;WC a.' 1 ic , scl,'C ill I iocs cralcl si/c

N-h)" (Xxaini l;Iiiii' is o)bscr-ved

AI4( 1,)~~ I )X NilIcmI cl-cIiic l. I kcl d, .ki c

Poise Si( i il

* /N.SL / m~ N)il( 1,(51 tI[ I l(JIIA.1,%C

N 'Il I'II 'L

1*lf it1A ilI.uil!nc 1- l 1)1- I I

* ~~4.4.2.2 Atomiic (h'~gcii

0 ,\~t tli.. pi-cScI lt c 1 1 0( 111c,\m'll h v c i hcc hll fol (dIm till NLccioII.

4. Scatter

A\s (I\' lit~ Nccl m -1.3ioh L.2.3, Ivr NI'.tou s( cd ,111ca oil expciR1'ihllt MNO1III 2,

S tillc ih1(Ilcc(I .xcMffcr \v~\ Is lihlidl w~ hiL Its i (I. il. 1c;RidiIu edrc thiiilt ltil. th 11i Iiihis otic. Th~is

S tcsiw~illt a \\'.IS( wLillihII' [it-C IN h111 tI l boh ) [011 l T)Ilt )-tihtl an 1 i iilcX[)0sIIcN (IRcls. 5 anid 9).

1-1.2.3 Ill 1W shows Ct(Q Ito oIamcd ii itctrI~s/cfI~cIs kL)vcol IC n otllic Se.c-j1MlN

4* ()* hi an1~



4.4.2, Coated Ref -activc' ZR Optics _____________________________

Tlable 4.4.2.31). Scatter Effects D~ata Base for Co~ated Refractive IJV/Visible Optics
Applicable to Coated Refractive JR Optics

MAEIALIU 1 1S [FlIGUREKS iC~xio~L(OMNIENI'S
mg17PuF~.,;d Silica, F..27 ea) ~idilg edgC Showed IS Wles cater(coain~lg 1May

D3 be reoved by AO)

FglIAI .28 ,5Xnr s ill Scatter

4.4.2.4 AtSr) oiIaiiisii/~lctac.

All of' the substrates mtid coati iigs H o\Vtl oin experimenit S0050- 2 experienced at

Signit'icant1 per11-lorirmu1ce reductionl aiter H'ig~ht, hlit alter clean inig. (except for thc AR-coated

Siintj)les Whichd CoUldl 10l he CCleared L thle sam11ple op~t ic~l peit'olrnitatice rtulrtned to tile

pr'ec f'l 1:lt nireasurred vat jts (Ref. 7/).

'Table 1.4,2.41) shows refecrences, to rclated urate'il-1S/ef't'ccts coveted inl other' sectionls

ofI' this hatidhook.

T'able 4.4.2.41). EfSr~ i~1If'ects JData Base for lit C oat ing~s
A ppli.'ahle to C oateid Refr active I R O pt ics
. . . . . . . . . . . . . . . . . . . . . . . . . . . .-FS. I'D - 0

I I a: II F, AI~ g/S i() lk 0 )N . . . . .1 VjI0

B~ 100i- (ilass, icl lc iit 1;1e1 l ilý l ; m'eIei.'h\

reducjed etilk-caiit e.\ lit it the Hlue ('11d.

[JLF"li '/\t I F5C 'linit ail~tii Iedjintd in isnim"issoui. (ieallniig
-- wlelijined Saiuopitro peticlivaliie.
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* ~4.4.2, CoUat'd"Rteractiv 1RII Optics

0 4.4.2.5 Darkening

At the present time, no data have been found for this section.

* 4.4.2.6 Stress

5 For both AR coatings and solar re.ecction coatings tested in experi 1 lent S(0050-2, very

little chiange inl Stresses Was observed For post-lIight versus prec-flight coniparisonls (Ref'. 7).

'lahle 4.4.2.01) shows refe renccs to rc fated nia tcrial s/eff~cts Covered ill other sect (ions

of' this hiandhook.

5 Table 4.4.2.61). Stress D~ata Base for Coated Refractive tlV/Visib~le Optics
* ~Applicable to Coated Refractiv'e k ()pi ics

111GUI COAlIENN

5I-'tisted Szi~ic/Av.' Fý ~ At cic dc laii]i'.. pie- anid pom iIif!th IiR';i rIIeIK(IIII. %V11

0 f \'eV(, ýilmlar

A mini of optical matcrials liown onl I 1)11 showed signs of' conitamlinlationl.

Analysis of' Ili ght samples flown ont c xperinent SOtfl50-2 showed the substrates; and coatings

0 ~to he coverecd Withi a thi it layer of' p~oi yiicr Which Containted Silicon. The Contamnii ant. a l ighit

Sbrown stainl, Was retliovcl f"airly easily Willh nortl-1 cleanling techniqueIIs (eXCepl f'or the Ak

* coating) (Ref'. 7).
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4.4.2. Conu'ed Refr-active II? Optics0

'Table 4.4.2.7b shw),s refecrences to related materials/effects covered in other sections0

of, this handbook.

Table 4.4.2.71). ('tuitainiiiiationi/l)cteriora.tioiii I111'ects D~ata Base for IR Coatings
Applicable to Coated Ret'ractive JR Optics

MIATERIAL S/ FIGURES 1.14)E11 COMNINIINTS
St_1___T ATE LOCIU ATIJONI _ _ _ _

[g.A,)(/IS" .59 D8X [iscolored and halted.

PNK./FS0 D.; I )31ik red coia~minabon. ____

N I I .tfipill)I [--.1 [M )4 iblIoWl iiiaitel .11d Wilmlianins titi
2 thick ol JIIjscd silica,

zilIs/s( ),' 10.55 D9I ShOWL'd.1iLu~lCC ciaL-kiiy and lad!kinig

~X . )~ 'I ..3 -O I)Hl~rlI1yi~i~tdbistcrsarilflakinig

AN' Sc,'IS I) Shý!hl crack at edge. ('01MifMIuiiid.

D.51 I:11liiv Coaling iN NZOL r a,.c d ,in'.lh VtI('d .110111d

MgI:. S i 1)11111iC ('O;ItiII)!i IS ,A ;111d bliStuRd NIOUIid

I S8 [M 1-.111ifl(I \Jc i o i. ) 11(~ jn o n

111% 11.1'-f1.1 1.- 11 S , I I I0
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* ~~4.5, (Zoatings.sfor UIV! giI)Ic Optics

*4.5 COATINGS FOR UNV/ISIBIA.'SYTM

A n unber of' coatings covered wIderCI I R systemIS are equally plial0t U V/viSible
Systemls. T o avoid necedless duplication, ',ectionl citations witfii i the IR scction are giveni

along With a descriptivc table f~or thlese InaferiaI:, thec narrative mate11rial is not recproduced in)

this chapter. Table 4.5.ii show" a1 Summary of thle experimnents containling coaitings for

0 WV/vIsible systems. All I V/visible coatinp~ III flll, experilmenit Were flown neat 1hw trailing

* bi~~Tble 4.5.a. I';peri neiIl Sii iuiiiazv- for I.tV/Visible O pt ics (Coat ings

* - I~~X PE*R NI i'Ni PA I 'VIVISiI BL; (P )IC(At CO( ATING S

AOM-14 Sit oi P * I(\. O )s/Ai\ oil Qua~itz'. AyJAt oii ()miiat MAI/A

* NtgfI ./A] oil ft IW 61. gass. lfK f\I,,IA on Kjiiii1'.cicd Al.
* Nt~~: )IY Ntgf. ~ tI(m ~ I a. jiI~o(vIni/Ntgf.: oil

If I(. WOa Iifl .v' on lIt 1661 .Iivo,.If hl/A). oil

0OI0ý. Kaf ,iwfdI Al o I iI:AIo It I\ 0(1(1 phiii ; dt ijCI.W/A on S

0[I it un I( 1 (t , 1 MOOi 10.1 jililc IihiiI/ f~ Vs~t i:
0n It I (1.1 Ald I 111111 (IJ\'A I I11: 1

kilc- 1.5.1- shows, die I iV/vis\ihlk tomat:,iiigdu tIIn' cllccts ;ffi'e by 111C 1.11)1:1



4.5. (uutingsx mr l1V1 i.I ibi/) ()ptilS ____

Table 4.5.1). Coatings for I IV! Visible Systems

1 1 ) s C
NI .11 A .1 C 0)
I' ) s I A N 4

NI UI RIY. .1 U N S . NI4

i E I

N I.

KN21'I;I/Ii~d silik~l 0 0 0 0

Al. Ni+.,/Blo) 6!;Id1.. . 4

IliFi A).I1 0004 Oliss 4

V(Ib\h'fIwo 1111l1l ' I / I() S1) (III.

,\4 (.,\1:( ),/Sl )' I Poi 'I IN tictl S I1

00
No (IISia

n-7: p.4w



"* 4.5, Cwtim.,s fitr UV/Vixsihhe Optics

Table 4.5.1. Coatings for LIV/Visible Systems ((?ont.)0 ... .. . ... ___?U J_

* I A A I) s s C
TI I t A , (' ()

*P R) RS R R A N
"* A NI I K IE T T

(C I T I S T' A

N MATEI'II A I.S I R N s F N1
*• ,s A I R I

() N N I)-- * X I/ ( I,:
Y R T* 1I, 'I,:

* I,: I,4

i N I.

0
•Au/NilAI

A I I - ( Iih lY. '

0 . IIl I: 0 ".\

00

00"= • l.;I ,i *( 'hii l•'Iii lN'l"

"0

I ' 4 4.'\I~lj. iiU~S) (Iii l'I)1i~hlI Nh• o

00
* lIdii.../Nil ). 0

S • Iyl":, IX.. l.(l•,I)/? tIhik j€j.•n ( l0',,,
* Sili•a

• I/.sil(). 0

S.... _ .. -17..

* 47 )L, I~~lll• I h••'l~f

0 }l l• •l~ll' i q l' H, Il'll~ '[• 'l H ]
_0



Tlable 4.5.1). Coatings for I V/Visible Systems ((Cont.)

I A A 1) s s C
NI I1, It A 'I C (
p () It R A N0
A NI K 1. .1. 1

C I E s T A0

NIATFRIAI.S T C I N V m; N
s A I It I

() N N I

x Ii G

11 It.I

Al oi (li0

oil (;IS 0

SiO)/AI oi l'YC

oil 01:11

Ag/Al orm Otwiui I

All/Al onl 011:110

4.5.1 C oated UI. V!Visible ( plics0

All Lii~I~cssionsil l iImpaUct c'tt(Cts o ll' I diIR2 coa ll i t ilae equal~1ly applicable to

tJV/vi~sIhlc Coatings ark, c)vCtC( III scc~inn :.T. 1. I. Impact";Flct oil 1k ( Xating~s. Ini

uteltti, all saillplesIC 511)%VC(-1 )fll( Impa~ict ctl.'ts-t. 'Ihlosc \aItiipcs Ilownl onl cxp)Critc

-..--.-. . . .. ... .. . . . . . -. -.--. --.Oil=-_ 011



* 4~-.5. Cou4tings P 11 Vixhb Optirs___________ ________________

0 ~M000 3 -2 arnd onl thle leadlinog edge (at locatio ns D8) and D)9) showed Se.verazl rnic rot racitures..

'The t railIinrg edlge Samuples were Crazied hilt So were [lie eon trol Samiple" leading thle

* e~~xperimenctetrs to the Coniclusioni that era/lung is related to Coatinrlauciring stresses, and

not necessarily reclated to thle space eniv ironruentil

Table 4.5 . 1. 11) showvs ic terelicces to reclated inlaterials/eflects Covered inl other sectionis

of' this harnd~hook.

T'able 4.5.1I.11). 1111111).10 E'r.IT s IS D)111 IIUSC for 1k ( '1t ing-S
Applicable to UII /Visible C oatinigs

NIAIIRIAI.' I ~ ( ( NINIIKNTS
St IBTRi~AIViT. GtRF I.O(AAION

I )t k; IL I I I I Ci I k;iii' 0

N. ,ý i-

N it:. (il S(o I.'.I Im0 11,"c I~iv Iw lo c oll 11lk1(lc

0A

* ~4.5.11.2 Atotiic 0\Ygeii

0At thle presentc 011lC. 111)data have heen hlld( for th1is ,ect1i0n.



4.5. Coatings fi)P 1111i1isible Optics_________________________ _________

4.S.1.3 Scatter

All d iscusiosifl of scatter effects oil coated 11 V/vlsi Nle refr-active optics that are equally

appli cable to UiV/visible coatings are covered inl Section -4.3.2.3. Scatter "IfTects onl Coated

U V/Visible Refractive Optics. As discussed inl Sect ion 4.3.2.3. f'or Mgl:, coated silica thle

inlduced SC;atter' waS I'o rid to IVe less 1for tile leaingIII edge than11 for- thle tral'inlg 01ne. Tlhis result0

Wils1 essentially the ski nec for bo0th 9 -111ont1 111rd 09-1110o11th cx postIR ( Ref's. 5 anid 9).0

T'able 4.5. 1.31b shows refecrence:; to icIa tedl ma lvi al s/felfccts coveted HIi other sectionrs

of, this handbook

'Table 4.5.1.31). ScIItter0 EI*;rCtIS Datai Base for C oale2d INI/ Visible Refractive Optics
Applictable to IN /Visible C o~atinigs

MATER IAL S FIGULRES I~' FCONIN1EN'[S _ _ J
fNvg+lK/I'u.swd Silica' 1"27 I )Q Ix.adiiig edpe Nsowcd kes" scalil' (cRul~it ]

.- ~~~~~~~DI iciooval by AO)................

4.5.1I.4 .Xbc111in'lr t isii/e'eIalc

Inl cxpkrinwnt A01)1I 3~.1, tl,..' AI/Ml:., coating" onil 1106.1 gI ass tibhstrate shioweda

relative re flectanlce los"s of' 10 per-cent and onl a Kanigeiied Al substiatc showed a 23-pu celt

loss. Whether thle samples Vwere. cleaneId piorto post flight examtination is tnot reporte(I by

thle experitneiclter. [here- was very little degradaIditionl in ihec Aui, AI_,( ),.Ag, and Th'li4/Ag

coatings whethier they are oh 11100-64 glass or IKanigeneid Al substrates (Ref. 10().
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* 4.5, Coatings ftlr U ViVisible 0/ptics.

0Table 4.5. 1.4a Siiininaii1'leS a11d Pl0' ~ideS ', go idC to thle Iflatellal S C01ntaiicld ill thIS

Table 4.5.1 .4a. A h~swpfiotiýi/lr,,.iiisituission/Rctenectakiice ii-mects Ihitat mase

for 1.! /Visible C oatinigs ___* I SMTERBIALS/ FIGUd RE*S LOAT('IO(N ( ( NINIIKNIS

* ~~AI-MplI IA I )ulside/iiisido. Sam ple'adsiiziaiy

TI .F - 2 Ill )IIIsiLIC/insidc 5alip" hwed fiflik' chaInpA ill

A lIi A/g/ 11-13 It (hlicil"d sill. 11 sim lc i-

KA ign1I. P.14lT( II ~IiPP'I~lL cD 11 111lsIC NUC1h c hid.

I1lSlLld S.111114Q Nl~\dd W(Illil sh t I ll

I 161 Ool It 16h1 Niuc 113 ud s1ddliurli :11[liksli'1t 11t..'iust i

'lahl 4.5.I lb howsicleroces o t~tcd initcrals/ ltmci oc'd diph 'dlthci sdll u

01IU 111 ;11s 111 b ik O d 11( 1i)10 Sk. 1
10chsl id

SSIHL 1 11
Il0lll,111 I C 1 I ii' ( IId I

I..0 th dam l cillf[ l
0Ill,11" i n ;(il lc rl n
S k- dikh l (il .-...-- l c- ... .

*i,1)( - 1010 mi
0lll l''O - i . i o k tt c u li' 1 ika l l l i il
0 0-1lv



415. (Ioulings~f A" JUl Visible Optics __________________________

T able 4.5.1.41). Tranismittance D~ata Base for Coated Refractive IJV/Visible Opticso
__________________ Applicable1( to U V/Visible Coatings

MIATERIAL S/ FIGUES :1'A CO0N1FT
CO_ ____NG _ L lOCATION )N 1INS

Fuc Sii-OIF 28 J..5 ( omaitinalioi reduiced tratimi.sliSSon. A\i inciew~se in 0
SCatII.CI \%V'S zulCiSLII'd,1

F-21) 15Confiailina fltoll lvilcd d tran~smiission. ( *;l~iozij i~Letuild0

Fused(1 mlil ____ S~inijlpk to p0di au
Solar :*'jociozl M F. 1)I5 C ontamination reOduced vaizinussionl. ( kaiiing ietuffled

silniplc to) pic-ffiglill v'iuc

-l'ICi idclol iii mlli~xls nol ellCTiive. Needed~ expo(sthIC 1(o oxyV~ell
phla.iha toImp l)ove pt-ifornwiaicV

L0

lit uxc pil Imcm A( 138 A .1. ilic NI g( )Mlcoal ing oil B I i4 glass Showed a Significant

reductn ion IIspecvtral width 1'()I'c tralin edjge fITlgtsail (20 183 peCienit redlctionl).

Iisis to he catrelwith the li( )I IS itIcoatinig (iiIn R 100- glas~s which tentlaitied opticall.y

efict i 1(1(1 1 (el thoujih the flight Sample si w1med soluic thin cracking. '['liAI(- AR~g,
coatiling shiowcl at very "i 11l1t (ýI pc0cl)wutolilaci)c 1alillac m tsct

4.5.1.5 D~arkening

1 0 (Imk%' noL (daml haivc henl Identifiedl 1-m. I W/visibhi coatliligs for) this effect.0
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* ~~4.5, Coutings fir t}."Vjxjsble Optics_____________________ ____

4.5.1.6 Stress

All discuLssions of' stress effects on I R coatings that are equailly appl~icable to

* LJV/visihle Coatings is Covered ill Section 4.3.2.0, Stress E ffects onl Coated IR Optics. For

* ~both AR coatings and solar tejection coating,, tested in experiment S0)050l-2. very lit tle ch nope~

il Itistcesses Was obserlved for post fl"l1igh VcVPIII pre-flight.

Tlable .1.5. I .0h shows ref-erenecos to relaed inai1crials/effects coo'crcd inl othecr seetiot is

ofhihado.

* i~~abl hi'...I.sftress I hita Ih: v for ( oat .*d Ritfradtv i r!IVIVisibIle O ptic's A pplicable
* to I i /AVisif b(' (o(at iitigs

C OAIFIN(,OAI I

0ic iC 'IC ii .1111l id I l111t(lc ,Ilc m ll i

0 ~~4.5.1.7 (Yi~iiitinI)troa o

( *aiiii):s hindtiding lininiv 11i)11 tIrcssd la s( oxides' 1and thioidc M1 sowiiCViOfLti

ri1sk of, oteclianical dvglrlidatioii (lilt' it) ihlirllal k-d n .

0 'ablc .)_..1 .7a sNinina11,.c1 anS 11d divic a guide to)11 the IC Kaeials '1 co iit'd ill th1is

S sectionl.
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4.5, Coatings for UVIVisible Optics

Table 4.5.1.7a. Contamination/Deterioration Effects Data Base for UV/Visible Coatings

MATERIAILS/ FIGURES LDEF COMMENTS•
SUBSTRATE LOCATION

Ge/ZnSThF4 on B 1664 None B3 Peeling of coating due to vacuum or thermal
Glass cycling

SiO/AI on Pyrex None C3 Degradation in UV spectral reflectance due •
C9 to contamination.

Os/Al on Quartz None C3 Complete oxidation of the silver film and
C9 complete oxidation and evaporative removal

of Os film on leading edge.

Ag/Al on Quailz None C3 Complete oxidation of the silver film in both
C9 leading edge and trailing edge samples.

Au/Al on Quartz None C3 Slight visual difference in leading edge
C9 samples. No obvious effect on trailing edge •

samples.

MgF/AI on Quartz None C3 No visible effect in leading edge or trailing
C9 edge ,samples•

The Ge/ZnS/ThF4 coating on B1664 glass was flown on experiment A0138-4 and

tested at 10.6 pm wavelength. No significant changes in reflectance were measured due to

any contamination observed. It is not known whether the sample was cleaned prior to making S
the reflectance measurements (Ref. 10).

The contaminant collector mirrors (SiO/Al/Pyrex, Os/Al/Quartz, Ag/Al/Quartz,

Au/Al/Quartz, and MgF2/Al/Quartz) were flown on experiment A0034. All samples were

examined visually and reflectance measurements were made to determine the effect of the

observed contaminants. For the SiO sample, contaminant coloration was observed on both •

leading and trailing edge samples resulting in degraded spectral reflectance. For the Cs and 0
Ag samples, oxidation and surface removal was observed contaminating the surfaces. The 0

leading and trailing edge samples of the Au and MgF2 were found to have little or no effect

(Ref. 11).
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* 4.5, Coatings for UViVisible Optics

Table 4.5.1.7b shows references to related materials/effects covered in other sections

of this handbook.

• Table 4.5.1.7b. Contamination/Deterioration Effects Data Base for IR Coatings
Applicable to UV/Visible Coatings

MATERIALS/ FIGURES LDEF COMMENTS
SUBSTRATE LOCATIONr 1-

Ag+(Ai2O;ZnS)4/ E.59 D8 Corroded and hazed.
Polished Mot

Si/SiO21 E.60 D3 Particle contamination.

PbFJSiO2. E.61 D3 Dark red contamination.

MgF 2 (X-l..06pm)/ E.54 D4 Fibrous matter and film fragments.
2 thick on Fused Silica1

ZnS/SiO2 ' E.55 D9 Showed surface cracking and flaking

AILO/SiO'2 E.56 D3 Randonly-distributed blisters and flaking

• As 2Se3/SiO2l E.52 D3 Slight crack at edge. Contaminated.

• E.54 D4 Entire coating is crazed and blistered around
debris spot0

E.57 1)4 1 Entire coating is crazed and blistered around
• MgF)Fused Silica' debris spot

E.58 D4 Entire coating is crazed and blistered around
* debris spot

'Data relevant to this material are presented in Section 4.6.1.7.

* 4.6 COATINGS FOR IR SYSTEMS

* •All data contained in this section are from samples flown on experiment

Stations A0138-4, M0003-2, -6, -7, and S0050-2. Table 4.6.a shows a summary of the

experiments containing IR optical coatings.
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04.6, Coatings for IR Optics

Table 4.6.a. Experiment Summary for IR Optical Coatings

EXPERIMENT IR OPTICAL COATINGS.]

LaFjChiolitc/MgF2. Ge/ZnS/7bF4 on B 1664 Glass.
A0183-4 ThFJAg on B 1664 Glass, A12OJAg on Kanigened Al,

ZnS on Ge
M0003-2 MgFjfused silica. ThF4/Ag/Cr on Mo. MgF, (X =

1.06pm)-2-thick on fused silica

M0003-6 Au on Ni/Al 0
Ag+(AI2OSi)3 on polished Si, A120 3 on SiO2, AsSe3 on

M0003-7 SiO2. ZnS on SiO, AI+(AI20OZnS)' on polished Mo, Si
on SiO2, PbF2 on SiO2, NaF2 on SiO,

S0050-2 Ag on ULETM

Table 4.6.b is a cross-reference for the IR coatings and the effects addressed by the

LDEF experimenters. 0

4.6.1 Coated IR Optics

4.6.1.1 Impacts

In general, all samples flown on M0003-2 showed some impact effects. Those 0
samples flown on the leading edge (at locations D8 and D9) showed several microfractures.

Table 4.6.1.1a summarizes and provides a guide to the materials contained in this

section. 5
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4.6, Coatings for IR Optics

Table 4.6.b. Coatings for IR Systems

EFFECTS

I A A D S S C
M T B A T C N

P 0 S R R A N
A M / K E T T
C I T E S T A

MATERIALS T C R N S E M
S A I R /

0 N N D
x / G E
Y R T
G E E
E F R
N L

MgFj/Fused Silica 0 0 0 o 0

LaF 3/Chiolitc/MgF0

Cr/Ag/ThFJMo

Ag+(ALOJSi)3 on Polished Si •

AI 203SiO.,

As2SeJSiO: 0

Au/Ni/Al

• ~MgF,(--l.06pm)i2-thick onl Fused •

Silica

ZnS/SiO,

• Ag+(AIWOfZnS)4 on Polished Mo 0

•Si/SiO , 0

• PbF,/SiO, 9

NaF,

9 Data contained in this section
a Data contained in other, cross-referenced sections
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4.6, Coatings for IR Optics

Table 4.6.b. Coatings for IR Systems (Cont.)

EFFECTS

I A A 0 S S C
M T B A T C 0
P 0 S R R A N
A M / K E T T
C I T E S T A

MATERIALS T C R N S E M
S A I R /

0 N N D
X / G E
Y R T
G E E
E F R
N L

10.6 pim Mirror/Ge-ZnS-ThF, on
B 1664 Glass

ThF,/Ag on B1664 Glass 0

Al2O3IAg on Kanigened Al o

ULETm/Ag 0 0

ZnS on Ge 0

TiOffSiO2 on B 1664 Glass

ZnSe/ZnS/ThF 4 on ZnSe 0

- Data contained in this section
o Data contained in other. cross-referenced sections
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4.6, Coatings for IR Optics

Table 4.6.1.1a. Impact Effects Data Base for IR Coatings

MATERIALS/ FIGURES LDEF COMMENTS
SUBSTRATE LOCATION I

MgFjFused Silica E.47 D9 Damage is localized

NaF, on SiO, E.48 D9 Damage layer removed from around impact due
to UV or AO

ThFgAgICr/Mo E.49 D9 Overall damage area is several times crater size
Coating failure is observed

Ag+(AI2OJSi)3  E.50 D8 Microfractured, corroded, cratered
Polished Silicon

A•\120/SiO2  E.51 D3 Microfractured. flaked

As 2SeJSiO2  E.52 D3 Crazed, discolored[ Au/Ni/Al E.53 ID4 Unchanged

"MgF2(X-= 1.06pm)/ 2 E.54 D4 Crazed, Contaminated
thick on Fused Silica

An MgF 2 coating was applied to fused silica and flown as part of experiment M0003-

2. The impact damage tended to be less localized than for bare fused silica, with more

extensive crazing and a larger tendency to involve long cracks originating at the impact site.

Further, local delamination of the coating(s) occurred around the edge of the craters. The

clearly-identified craters were much deeper than the coatings, and thus were mostly in the

fused silica, and produced the same conchoidal surfaces as for bare silica. Synergistic effects

were also observed (e.g., for NaF2 coatings), such that coating material was sometimes

removed around the impact site owing to the further interactions with either UV and/or AO.

The extensive crazing was apparently not only caused by the impacts, however, since even

ground controls of MgF 2 displayed similar effects, suggesting that the problem was associated

with high in-situ stresses generated at manufacture. Further, there were no indications that

the crazing itself significantly interacted with the cratering phenomena, or vice versa (Ref. 9).

M0003-2 coatings on Mo also showed damage areas many times the crater size

leading to coating failure (Ref. 9).
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From experiment M0003-7, observations show, for Ag+(A120/Si) 3 on polished Si,

three small impact craters, surrounded by localized cracking on the exposed coating surface.

The coating was cracked in spirals at the perimeter of the exposure area. The coating

appeared to be blistered in the vicinity of the spiral cracks; flaking in the cracked region

revealed a corroded and discolored residual surface (Ref. 12).

For the A1203 coating on SiO2, fine fractures which intersect and terminate in defects

in the coating were discernible in the exposed surface areas. There were some small areas

where the coating had flaked away revealing the smooth surface of the substrate. A small

number of individual blisters or bubbles were discernible in the coating. These features

varied in size, were randomly distributed, and were present globally on the surface (Ref. 12).

These observations are to be contrasted with the As 2Se3 coating oil SiO2 sample. After

space exposure, the coating appeared nonuniform in color to the eye. At high magnification,

it was apparent that the exposed surface was crazed and that the observed variation in color is

due to the presence of contiguous green patches in the otherwise pink coating. There were no

discernible morphological features associated with the green patches and they did not

correspond to the crazed fragments in the coating (Ref. 12).

For the M0003-6 experiment, a sample of electroplated Au on Ni/Al, when examined,

showed a small quantity of debris on the surflace, but no other changes were discernible

(Ref. 12).

A micrometeoroid impact site was found on one of the samples. The impact crater

measured 0.3 mm in diameter by 0.03 mm deep. Multiple fractures occurred in the glass at

the impact site (Ref. 7).

4-60 I
I



4.6, Coatings for IR Optics

4.6.1.2 Atomic Oxygen

At the present time, no data have been found for this section

4.6.1.3 Scatter

Specific discussions of scatter effects on coated UV/visible refractive optics that are

equally applicable to IR coatings (i.e., MgF2) are covered in Section 4.3.2.3, Scatter Effects

on Coated UV/Visible Refractive Optics. For MgF2-coated silica, the induced scatter was

found to be less for the leading edge than for the trailing one. This result was essentially the

same for both 9-month and 69-month exposures (Refs. 5 and 9).

Table 4.6.1.3b shows references to related materials/effects cevered in other sections

of this handbook.

Table 4.6.1.3b. Scatter Effects Data Base for Coated UV/Visible Refractive Optics
Applicable to IR Coatings

LDEF[
MATERIALS FIGURES LCTI COMMENTSLOCATION

MgFjFused Silica' E.27 D9 Leading edge showed less scatter than trailing
1_4 edge

Ag/ULE1I j E.28 E5 Increase in scatter

SData relevant to this material are presented in Section 4.3.2.3.

4.6.1.4 Absorption/Transmission/Reflectance

Specific discussions of absorption/transmission/reflectance effects on UV/visible

coat~ngs that are equally applicable to IR coatings (i.e., MgF2) are covered in Section 4.5.1.4,

AbsorptionTransmission/Reflectance Effects on Coatings for UV/Visible Optics. Within the
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Section 4.5.1.4 data, the Al/MgF 2 coating on B1664 glass showed a relative reflectance loss

of 16 percent and on Kanigen, 23 percent loss. Whether the samples were cleaned prior to

post-flight examination is not reported by the experimenter. There was very little degradation

in the Au, AI2OJAg, and ThFJAg coatings whether they are on B1664 glass or Kanigened

Al.

Table 4.6.1.4a summarizes and provides a guide to the materials contained in this

section. •

Table 4.6.1.4a. Absorption/Transmission/Reflectance Effects Data Base for Coatings

MATERIALS/ FIGURES LDO F COMMENTS -

SUBSTRATE LOCATION•

Ge-ZnS-ThF 4 on None B3 No significant change.
B 1664 Glass _

Table 4.6.1.4b shows references to related materials/effects covered in other sections

of this handbook.

Table 4.6.1.4b. Absorption/T"ransmission/Reflectance Effects Data Base for
UV/Visible Coatings Applicable to IR Coatings 0

MATERIALS/ FIGURES 1 DEF COMMENTS
SUBSTRATE, OCATION

ThF,-Ag/ Outside/inside samples showed little change in 0
B 1664 Glass4 reflectance over all wavelengths.

AlO 3-Ag/Kanigencd E.43 B3 Oulside/inside samples had significantly-
Al' reduced reflectance except at the blue end.

ULE1'1,1/Ag2 E.31 E5 Contamination reduced transmission. Cleaning
returned sample to pre-flight value.

D)ala relevant to this material aic presented in Section 4.5.1.4.

2 Dala relevant to this matcrial arc presetted in Section 4.3.2.4. 9
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4.6.1.5 Darkening

At the present time, no data have been found for this section.

4.6.1.6 Stress

LDEF contaminants did introduce some stress in IR coating materials. In general,

however, the amount of stress was negligible and did not affect the coatings optical

performance as seen in Table 4.6.1.6b for fused silica- and ULETM-based optics. MgF2-based

optics, however, did not survive the contamination-induced stress (see Table 4.6.1.6b).

Table 4.6.1.6b shows references to related materials/effects covered in other sections

of this handbook.

Table 4.6.1.6b. Stress Data Base for Coated Refractive IR Optics
Applicable to IR Coatings

MATERIALS/ FIGURES LDEF
COA_ _ _NG LOCATION

Fused SilicalAg' E.33 E5 After cleaning, pre- and post-flight
measurement-, were very similar

ULETM/Ag' E.33 E5 After cleaning. pre- and post-flight
measurements were very similar

LaF}Chiolite/MgF 2' None B3 Did not survive because of high stress levels

'Data relevant to this ziatelial are pirset)ied in Seciin 4.3.2.6.

4.6.1.7 Contamnination/Deterioration

A number of materials flown on LDr'F showed signs of contamination as well as

flaking and blistering of the coatings. Table 4.6,1.7a summarizes and provides a guide to the

materials contained in this section.
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Table 4.6.1.7a. Contamination/Deterioration Effects Data Base for IR Coatings

MATERIALS/ FIGURES LDEF COMMENTS 1
SUBSTRATE LOCATION I

Ag+(Al 2OrjZnS)4 / E.59 D8 Corroded and hazed.
Polished Mo

Si! E.60 D3 Particle cont:,nination. 0
SiO2  ,__

PbFJ E.61 D3 Dark red contamination.
SiO 2

MgF 2 (X=1.06pm)/ E.54 D4 Fibrous matter and film fragments.
2 thick on Fused Silica

ZnS/SiO2  E.55 D9 Showed surface cracking and flaking

AI2O)SiO2  E.56 D3 Randomly distributed blisters anu flaking

As2ScJSiO2  E.52 D3 Slight crack at edge. Contaminated.

E.54 D4 Entire coating is crazed and blistered around
debris spot

MgFfISiO2  E.57 D4 Entire coating is crazed and blistered around
debris spot

E.58 D4 Entire coating is crazed and blistered around
debris spot

0

From experiments M0003-2 and -7, a number of IR coatings were seen to become

contaminated and to deteriorate in the space environments. The Ag + (A120.dZnS)4 coating

on Mo appeared hazy and discolored on the exposed surface. Multiple zones of discoloration

were apparent. The variation in discoloration was presumed to be the result of varying

degrees of dendritic growth. A high density of spots was apparent over the entire coating. ,

Grain boundaries in the substrate were also apparent through the coating (Ref. 12).

For the Si/SiO 2 sample, a great deal of debris was on the coating surface, but the

surface remained highly specular. The PbF2/Si0 2 sample had a large number of subsurface

polishing scratches. Features, which may be bubbles, pinholes, or growth nodules in the

coatings were seen to have formed preferentially along these scratches (Ref. 12).
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0 The MgF2 coating on SiO 2 was seen to be crazed on both the flight and control

samples. A great deal of extraneous debris, including fibrous matter and metallic film

- fragments, was present on the surface. There were three large spots of debris on the

_ spaceward side of the sample where the coating was crazed more extensively. There were

* also blisters around these debris spots (Ref. 12).

0
STiThe ZnS coating on the SiO 2 substrate was buckled in a regular pattern on two large

0 areas of the surface. The entire coating was blistered. Large blisters, exhibiting many orders

0 of interference fringes, were discernible onl the surface of the sample at low magnification. In

* addition, a high density of very small blisters was apparent throughout the coating at

0 •magnifications of 200X and greater. The surface was, however, relatively clean of debris

* (Ref. 12).

0
0 For the A1203 coating on Si0 2, fine fractures which intersect and terminate in defects

in the coating were discernible in the exposed surface areas. There were some small areas

* where the coating had flaked away revealing the smooth surface of the substrate. A small

* number of individual blisters or bubbles were discernible in the coating. These features

- varied in size, were randomly distributed, and were present globally on the surface (Ref. 12).

0
These observations are to be contrasted with the As2Se, coating on SiO 2 sample. After

space exposure, the coating appeared non-uniform in color to the eye. At high magnification,

* it was apparent that the exposed surface was crazed and that the observed variation in color is

due to the presence of contiguous green patches in the otherwise pink coating. There were no

discernible morphological features associated with the green patches and they did not

• correspond to the crazed fragments in tile coating (Ref. 12).
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4.7 OPTICAL FILTERS FOR UV/VISIBLE SYSTEMS

There were many different filter systems flown on LDEF, including metal-dielectric

blockers, metal-dielectric bandpassers, all-dielectric hot mirrors/detector trimmers, and all-

dielectric bandpassers. The filters discussed in this chapter were flown in experiment Stations 0
A0138-4, A0147, and S0050. Table 4.7.a shows a summary of the experiments containing 0
UV/visible optical coatings. 0

Table 4.7.a. Experiment Summary for UV/Visible Optical Coatings

EXPERIMENT UV/VISIBLE OPTICAL COATINGS I
AI-MgF2 on MgF2 Substrate (1216 A), A1-MgF2 on S

A0138-4 MgF 2 Substrate (1270 A), Al-MgF2 on Quartz Substrate
(2430 A)

ZnS/Cryolite/Silver on Fused Silica (Cemented with
Epon 328), ZnS/Cryolite/Silver on Fused Silica (Air-
spaced. No Cement), ThFjCryolite/A1/ZrO2 on Fused
Silica (Air-spaced. No Cement), ZrOjCryolite/Silver on

A0147 Fused Silica (Air-spaced, No Cement), ZnS/ThF 4 on
Fused Silica (Air-spaced, No Cement), ThF,/Cryolite/Al
on Fused Silica (Air-spaced. No Cement), PbFjCryolite
on Fused Silica (Air-spaced. No Cement), ZnS/Cryolite/
Silver on Fused Silica (Cemented with APCO R313)

Narrow-Band Corion'. Neutral Density Band Corion',
S 0050-1 Broadband Corion'

These filters were provided by Corion Corporation, IHolliston, MA. Specific material .-tack-ups for
the filter were not explicitly identified. The narrow-band filters were composed of quarter-wave
thick stacks of dielectric materials. The neutral density filters did not use quarter-wave

dielectric stacks but were composed of a single layer of Inconel coating which pro,,ides appioximately

unifomi attenuation across the visible spectrum. The hot-mirror interference filter' were deposited
on glass with a 'rhF, layer at the surface- One of the wide-band hot-mirror fibers was examined by

SEM and was found to he composed of eleven layers of CThFAtZnS) pairs deposited on a glass substrate. S

Table 4.7b shows the UV/visible optical filter materials and the effects addressed by

the LDEF experimenters.

4
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• Table 4.7b. UV/Visible Optical Filters

* _EFFECTS

1 1 A A D S S C
* M T B A T C 0

P O S R R A N
A M / K E T T

• C I T E S T A
• MATERIALS T C R N S E M

S A I R I
0 0 N N D
X I G E
v R T

• G E E
E F k

* N L

Narrow-Band Corion

* •Neutral Density Band Corion

Broadband Corion

* AI-MgF 2 on MgF2 Substrate (1216 A)

• AI-MgF 2 on MgF2 Substrate (1270 A)

0 AI-MgF 2 on Quartz Substrate •
* (2430 A)

* ZnS/Cryolite/Silver on Fused Silica •
* (Cemented with Epon 828)

* ZnS/Cryolitc/Silver on Fused Silica 0
(Air-spaced, No Cement)

ThF/Cryolite on Fused Silica •
• (Air-spaced. No CGment)

ZrOjCryolite/Silver on Fused Silica 0
(Air-spaced. No Cement)

*• ZnS/ThF4 on Fused Silica
- LL (Air-spaced. No Cement)

-0 •• Data contained in this section
. Data contained in coher, cross-referenced sections
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Table 4.7b. UV/Visible Optical 'ilters (Cont.) -

EFFECTS

I A A D S S C
M T B A T C 0
P 0 S R R A N
A M / K E T T
C I T E S T A

MATERIALS T C R N S E M
S A I R /

0 N N D
X / G E
Y R T
G E E
E F R
N L

ThFj/Cryolite on Fused Silica
(Air-spaced, No Cement)

PbFjCryolite on Fused Silica
(Air-spaced. No Cement)

ZnS/Cryolite on Fused Silica 0
(Cemented with APCO R313)

Data contained in this section
Data contained in other, cross-referenced sections

4.7.1 Covered UV/Visible Optical Filters

The UV/visible filters discussed in this section were flown on LDEF with an

aluminum cover. (The remainder of the UV/visible filters flown on LDEF were exposed

directly to the space environment. These filters are discussed in Section 4.7.2.)

4.7.1.1 Impacts

At the present time, no data have been found for this section.
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• 4.7.1.2 Atomic Oxygen

* At the present time, no data have been found for this section.

4.7.1.3 Scatter

At the present time, no data have been found for this section.

* 4.7.1.4 Absorption/Transmission/Reflectance

• The most common responses for filters was slight to significant reduction in

transmittance accompanied by shifts in center wavelength toward the blue. Table 4.7.1.4a

summarizes and provides a guide to the materials contained in this section.

* Table 4.7.1.4a Transmittance Data Base For UV/Visible Optical Filters Exposed
• Indirectly To Space Environment

MATERIALS FIGURES LDEF COMMENTSLOCATION

* Narrow-Band Corion' E.62 E5 Reduced transmission

* Neutral Density Band Corion' E.63 E5 No change in transmittance

* Broadband Corion' E.64 E5 No change in transmittance

* AI-MgF2 on MgF2 Substrate E.65 B3 Reduced transmi!tance and shift in
* (1216 A) center wavelength

• AI-MgF, on MgF. Substrate E.66 B3 Reduced transmittance and shift in
* (1270 A) center wavelength

• AI-MgF2 on Quartz Substrate E.67 B3 Reduced transmittance and shift in
(2430 A) center wavelength

These filters were provided by Corion Corporation. Holliston. MA. Specific material stack-ups for the filter were not
explicitly identified. The narrow-band tilters were composed of quarter-wave thick stacks of dielectric materials. The9 neutral density filters did not use quarter-wave dielectric stacks but were composed of a single layer of Inconel coating
which provides approximately uniform attenuation across the visible spectrum. The hot-mirror interference filters were
deposited on glass with a ThU;4 layer at the surface. One of the wide-band hot-mirror filters was examined by SEM and
was found to be composed of eleven layers of (ThFJbjtS) pairs deposited on a glass substrate.
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From experiment S0050-1, the Corion narrow- and broad-band optical filters showed a

small but significant reduction in transmission and is believed to be related to degradation of

the cement used in the filter construction (Ref. 13). Neutral density filters (inconel films)

show increased transmission, likely due to erosion of the deposited layer. Organic deposits are

seen on the films. The deposits are greater in the center than along the rim where the

samples were covered (Ref. 14).

The samples from A0138-4 (the 1216 A, 1270 A, and 2430 A filters) all showed

reduced transmittance and a shift in center wavelength toward the blue (Ref. 10).

4.7.1.5 Darkening
O

At the present time, no data have been found for this section. 07

4.7.1.6 Stress

At the present time, no data have been found for this section.

4.7.1.7 Contamination/Deterioration

A number of filter materials flown on LDEF were retrieved with contamination. A 0
typical example is the set of samples from experiment S0050. On the LDEF tray, the green

epoxy-fiberglass mounting strips were changed to a walnut brown where they were exposed

to the space environment. Where covered, the original green color was maintained. The tray

was covered with a light coating of brown stain which is belicved by NASA to be the result

of Z-306 thermal-control black paint outgassing in the space environment and becoming fixed
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* 4.7, Optical Filters for UVIVisible Optics

• in place by the effects of solar UV. The weight density of this material has been estimated to

be 0.2 mg/cm 2 (Ref. 15). Analysis of this contamination is still underway as of this writing.

* 4.7.2 Exposed UV/Visible Optical Filters

* The UV/visible filters discussed in this section were flown on LDEF enosed directly

to the space environment.

4.7.2.1 Impacts

At the present time, no data have been found for this section.

0

• 4.7.2.2 Atomic Oxygen

* At the present time, no data have been found for this section.

* 4.7.2.3 Scatter

• At the present time, no data have been found for this section.

• 4.7.2.4 Absorption/Transmission/Reflectance

* Narrow- and broad-band optical filters showed a small but significant reduction in

* transmission and is believed to be related to degradation of the cement used in the filter

• construction. Neutral density filters (inconel films) show increased transmission, likely due to

• erosion of the deposited layer (Refs. 13 and 14).

Table 4.7.2.4a summarizes and provides a guide to the materials contained in this

section.
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Table 4.7.2.4a Absorption/Transmittance/Reflectance Data Base For UV/Visible Optical
Filters Exposed Directly To Space Environment •

MATERIALS FIGURES LDEF COMMENTS
LOCATION

Narrow-Band CorionI E.68 E5 Reduced transmission

E.69 E5 Shift in center wavelength 0
E.70 E5 Broadening of bandpass

Neutral Density Band E.72 E5 Increased transmittance
Corion1

Broadband Corion' E.65 E5 Reduced transmittance 0
E.66 E5 Deterioration of interference coatings

AI-MgF2 on MgF. E.74 B3 Reduced transmittance and shift in center
Substrate (1216 A) wavelength

AI-MgF2 on MgF 2  E.75 B3 Reduced transmittance and shift in center
Substrate (1270 A) wavelength 5
Al-MgF, on Quartz E.76 B3 Reduced transmiltance and shift in center
Substrate (2430 A) wavelength •

ZnS/Cryolite/Silver on E.77 B8 Reduced transmittance
Fused Silica

(Cemented with Epon
828) • _

ZnS/Cryolite/Silver on E.78 B8 Slight reduction in traasmittance with slight 0
Fused Silica shift of center wavelength

(Air-spaced, nocement)

"ThFjCryolite on E.79 B8 Increase in transmittance (due to pinholes in
Fused Silica some of the metal-dielectric coatings)

(Air-space, no
cement)

ZrOjCryolite/Silver E.80 B8 Reduced transmittance
on Fused Silica
(Air-spaced, no

cement)

ZnSfrhF, on Fused i.81 B8 Slight decrease in transmittance near short •
Silica wave cutoff. Slight increase in transmittance

(Air-spaced, no near bluer wavelengths (apparent reduction in
cement) extinction coefficient of ZnS)
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* Table 4.7.2.4a Absorption/Transmittance/Reflectance Data Base For lJV/Visible Optical
* Filters Exposed Directly To Space Environment (Cont.)

SMATERIALS FIGURES LOCATION COMMENTS

0 ThFgCryolite on E.82 B8 Increase in transmission (due io pinholes in
• Fused Silica (Air- some of the metal-dielectric coatings)

spaced, No Cement)

Pb1,JCryolite on E.83 B8 Reduced transmittance (due to increase
Fused Silica (Air- E.84 absorption in the lead compound)

• spaced, No Cement)

* ZnS/Cryolite/Silver on E.85 B8 Slight reduction in transmittance
SFused Silica

[(Cemented with
* APCO R313)

t'lhese filters were provided by Corion Corporations, Holliston, MA. Specific material stack-ups for the filter were not

explicitly identified. The narrow-band filters were coniposed of quarter-wave thick stacks of dielectric materials. The
neutral density filters did not use quarter-wave dielectric stacks but were composed of a single layer of Inconel coating
which provides approximately uniform' attenuation across the visible spectrum. Thc hot-iniror interference filters were
deposited on glass with a T11il, layer at the surface. One of the wide-band hot-mirror filters was examined by SEM and
was found to ts, composed of eleven layets of CI1F,)rZlAS) pairs deposited on a glass substrate.

From ,,xperiment S0050-1, the Corion narrow- and broad-band optical filters showed a

small but significant reduction '-n transmission believed to be related to degradation of the

cement used in the filter construction (Ref. 13). Neutral density filters (inconel filns) show

* increased transmission, likely due to erosion of the deposited layer. Organic deposits are seen

• on the films. The deposits are greater in the center than along the rim where the samples

* were covered (Ref. 14).

The samples from A0138-4 (the 1216 A, 1270 A, and 2430 A filters) all showed

reduced transmittance and a shift in ccntcr wavelength toward the blue (Ref. 10).

* For the A0147 filters, with the exception of the lead compounds, the filters survived

* very well. The Epon cement degraded somewhat at 500 nm (other wavelengths were masked

• by the filter). The failure mode (degradation) of the lead compounds was a wavelength-

independent increase in absorption with no change in spectral characteristic. In an instrument,

signal would be lost but spectral stability maintained. In the case of filters containing Al
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layers, the transmission increases were attributed to the pinholes which developed during

exposure. This form of failure would reduce signal to noise but would not influence spectral

band position or width. The reason for the development of pinholes has not yet been

established by the experimenters. One possibility identified is that defects or contamination

in the coating caused local heating due to increased absorption which, in turn, caused coating •

removal (Ref, 24).

4.7.2.5 Darkening

At the present time, no data have been found for this section. 6

4.7.2.6 Stress

At the present time, no data have been found for this section. 0

4.7.2.7 Contamination/Deterioration

A number of filter materials flown on LDEF were retrieved with contamination. A

typical example is the set of samples firom experiment S0050. On the LDEF tray, the green

epoxy-fiberglass mounting strips were changed to a walnut brown where they were exposed 0
to the space environment. Where covered, the original green color was maintained. The tray

was covered with a light coating of brown stain which is believed by NASA to be the result 0
of Z-306 thermal-control black paint outgassing in the space environment and becoming fixed

in place by the effects of solar IJV. The weight density of this material has been estimated to

be 0.2 mg/cm2 (Ref. 15). For the exposed filter material:i, organic deposits were seen on the •

films. The deposits were greater in the center than along the rim where the samples were

covered. Analysis of this contamination is still underway as of this writing. ,
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4.8 OPTICAL FILTERS FOR IR SYSTEMS

0
• There were two experiments that contained optical filter materials designed for use

• with IR optics. Table 4.8.a shows a summary of the experiments containing IR optical

0 coatings.

0

0 Table 4.8.a. Experiment Summary for IR Optical Filters

[ EXPERIMEN T IR OPTICAL FILTERS

• CaF2, Low Index Ratio Quarter-Wave Blocking
• ZnSe/ZnS/KRS-5 on KRS-6 Substrate, PbTc/ZnS on Ge

Substrate 15 pmn 10 pzrcent HBW L-Spacer THW Band-
0 A0056 Pass Filter. PbTe/ZnS 8-12 prm Tschebyshev Edge

Band-Pass Filter (Antireflected) on Ge Substrate,
PbTe/ZnS 14.5 pm 0.7 percent HBW Split-Spacer

• Fabry-Perot Band-Pass Filter on Ge Substrate

• A0138 ZnS/Chiolitc on BK7G18 and RG780 Glasses (820 nm
• Interference Filter)

0
0
0
* Table 4.8.b shows the IR optical filter materials and the effects addressed by the

- LDEF experimenters.

0
0
0
0
0

0

0
0
0
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Table 4.8.b. Infrared Optical Filters

EFFECTS _

I A A D S S C
M T B A T C 0
P 0 S R R A N
A M / K E T T
C I T E S T A

MATERIALS T C R N S E M 0
S A I R •

0 N N D
X / G E
Y R T
G E E
E F R 0
N L -

CaF2  *

Low Index Ratio Quarter-Wave
Blocking ZnSf/ZnS/KRS-5 on KRS-6

Substrate

PbTe/fZnS on Ge Substrate 15 prm
10 percent HBW L-Spacer THW Band-

Pass Filter

PbTe/ZnS 8-12 pmi Tschebyshev Edge
Band-Pass Filter (Antireflected) on Ge 0

Substrate _

PbTe/ZnS 14.5 pm 0.7 percent HBW
Split-Spacer Fabry-Perol Band-Pass

Filter on Ge Substrate

ZnS/Chiolite on BK7GI8 and RG780 0
Glasses (820 nm Interference Filter)

* Data contained in this section 0
• Data contained in other, cross-referenced sections

4.8.1 IR Optical Filters

4.8.1.1 Impacts •

From experiment A0056, it is seen that the micrometeoroidldebris impact on the CaF2

sample occurred near the edge of the sample holder. The impact crater was about 1 mm in
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4.8, Optical Filters for IR Optics

diameter with a spallation zone diameter of about 5.5 mm. The substrate cleaved in two

directions outward from the crater site to the opposite sides of the sample, and at an angle of

about 75', breaking the sample into three pieces. This verifies the fragile and brittle nature of

CaF2 as a substrate material, while remaining optically-functional (Ref. 16).

Table 4.8.1.1a summarizes and provides a guide to the materials contained in this

section.

Table 4.8.1.1a. Impacts Effects Base For Infrared Optical Filters

MATERIALS FIGURES LDFF COMMENTS
LOCATION

= 1 mm diameter impact crater with
spallation zone diameter of = 5.5 mm.
Substrate cleaved in two directions outward
from the crater site to the opposite sides of
the sample, and at an angle of - 75',
breaking sample into three pieces

4.8.1.2 Atomic Oxygen

At the present time, no data have been found for this section.

4.8.1.3 Scatter

At the present time, no data have been found for this section.

4.8.1.4 Absorption/Transmission/Reflectance

The primary experiment providing data in this area is experiment A0056. In general,

the results of experiment A0056 show that the effects of space exposure on the
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high-performance filters were negligible. No significant changes were found either in

transmission or spectral position of any hard-coated Il-VI/PbTe-based multilayers on Ge

substrates. The softer materials were adversely affected in their physical and optical

properties by the long exposure in space, from a reduced transmission to a complete opacity

(Ref. 16).

Table 4.8.1.4a summarizes and provides a guide to the materials contained in this •

section.

Table 4.8.1.4a. Absorption/Transmission/Reflectance Effects Base For •
Infrared Optical Filters

MATERIALS FIGURES - DEF COMMENTS
LOCATION

Low Index Ratio E.86 G 12 Reduced transmission
Quarter-Wave

Blocking
ZnSe/Z'nS/KRS-5 oil

KRS-6 Substrate'

PbTe/ZnS on Ge E.87 G 12 No significant changes in transmission or
Substrate 15pim spectral position
10 percent HBW

L-Space THW Band-
Pass Filter

PbTe/ZnS 8-i2 pin E.89 B8 No significant changes in transmission or
Tschebyshev Edge spectral position •

Band-Pass Filter
(Antirellected) on Ge

Substrate •

PbTc/ZnS on Ge E.89 B8 No significant changes in transmission or
Substrate 14.Spm 0.7 spectral position
percent HBW Split-
Spacer Fabry-Perot

Band-Pass Filter

ZnS/Chiolite on E.90 B8 Slight reduction in transmission
BK7G 18 and RG780

Glasses (820 nm•
Interference Filter) 0

KRS-6 substrate is lialliuti-Chlonne-tiroinine with a 33-layer ZnS/KRS-5 and 7nSe/KRS-5 coating. KRS 5 is Tnailium- •
Bromine-lodine.
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* The optical IR filters/materials in experiment A0056 are divided into three main

categories: uncoated, soft-coated, or hard-coated. Soft-coated filter materials comprised

* principally KRS-5 (TlBrI)-based multilayers deposited on KRS-5 or KRS-6 (TICIBr)

• substrates. These materials were designed to utilize long-wavelength Reststrahl blocking

• properties by multilayer interference. Hard-coated filter materials comprised spectral filters

* from atmospheric-sensing, weather forecasting, research and planetary satellites (NIMBUS 4-

* 7, ITOS, TIROS-N, PIONEER, and GALILEO) that were current at the time of the LDEF

flight. The filter materials are primarily Pb-based on Ge substrates. A brief description of

data (Ref. 16) for uncoated, soft-coated, and hard-coated materials follows:

• Uncoated: Correlation of average transmittance was very high between pre- and

* post-flight measurements. A consistent loss in transmission (-0.765 percent) was indicated

• but this was sufficiently close to zero to infer no change within the transmission accuracy

envelope permitted (Ref. 16).

Soft-coated: Comparison of pre- and post-flight average transmittance values was

- •made from samples from both sites, and the correlation was very low (-0.168) indicating no

• correlation between pre- and post-flight sample spectra. This was also evident from visual

• inspections where gross physical degradation and delamination of the coatings and substrate

*• materials was evident, having occurred as a result of space exposure and the effects of AO

bombardment. Post-flight visual and spectral analysis of the soft materials showed that less

degradation had occurred in the Earth-facing tray (G12) than in the leading edge tray (138)

* (Ref. 16)

• Hard-coated: Pre- and post-flight comparisons were well correlated. They showed a

small and consistent loss in transmission for both, within the accuracy envelope. These

samples are considered stable and show no degradation for the exposure. A PbTe/ZnS-based

sample was cleaned in 1,1,1,-Trichloroethane and 2-propanol and remeasured. The spectrum

• remained unchanged and it was deduced that the surface was not contaminated by exposure to
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space; its loss of transmission therefore, according to the experimenter, must be ascribed to

another mechanism (Ref. 16).

4.8.1.5 Darkening

At the present time, no data have been found for this section

4.8.1.6 Stress 5$

At the present time, no data have been found for this section •

4.8.1.7 Contamination/Deterioration 5

At the present time, no data have been found for this section •

II ~4-80
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• 4.9 MIRRORS

All data contained in this section are from samples flown on experiment stations

• M0003-2, -7, and -11. Table 4.9.a shows a summary of the experiments containing mirror

• samples. Table 4.9.b shows the mirror materials and the effects addressed by the LDEF

• experimenters.

Table 4.9.a. Experiment Summary for Mirrors

__ [ EXPERIMENT MIRRORS

•A0034 SiO/AI on Pyrex, Os/Al on Quartz, Ag/AI on Quartz.
• A0Au/Al on Quartz. MgF,/AI on Quartz

SAO1 14 Sputtered Cu on fused silica and OFHC copper

* AO138-3 WRe/Si on Glass

• LaF/Chiolite/MgF2 on B 1664 Glass. AI/MgF2 on B 1664
Glass, ThF4 IAg on B 1664 Glass. AI 2OJAg on Kanigened

A0138-4 Al. MgO/MgF2 on B 1664 Glass, TiQ/SiO2 on B 1664
* Glass. Ge/'ZnS/ThF4 on B 1664 Glass. MgFJA1 on
* _Kanigened Al

• A0138-5 Al on Glass, Pt on Glass

• Bare Mo. Cu. Diamond-Turned Cu. Diamond-Turned Ni-

• M0003-2, -7, and -11 plated Cu. ThF,/Ag/Cr on Mo. (Si/Al03)V/Ag on
Polished Si. (ZnS/A120,)4/Ag on Polished Mo, and

* (ZnS/ThF4,)/Ag on Polished Mo

-•4.9.1 Mirrors
.0

4.9.1.1 Impacts

* LDEF mirror samples showed localized damage at the sites of impact. Table 4.9.1.1a

* summarizes materials and provides a guide to data contained in this section.
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Table 4.9b. Mirrors

EFFECTS __

I A A D S S C
M T B A T C 0
P 0 S R R A N
A M / K E T T
C I T E S T A

MATERIALS T C R N S E M
S A I R /

O N N D
X G G E 0
Y R T
G E E
E F R
N L_

Cu

Ni-Cu

Ni

Diamond-Turned Cu

LaFjChiolite/MgF 2 on B31664 Glass 0

Al/MgF 2 on B 1664 Glass o

ThF4/Ag on B 1664 Glass 0

A OJ/Ag on Kanigened Al 0

MgO/MgFl, on B 166.4 Glass 0

Visible + 1060-nm Mirror/TiO,-SiO, on 0
B 1664 Glass

10.6-prm Mirror/Gc-ZnS-ThF, on 0
B1664 Glass

MgFJA! on Kanigened Al o

Bare Mo 0

* Data contained in this section

- Data contained in oAher. cross-referencd sections

I
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Table 4.9.b. Mirrors (Cont.)

-• EFFECTS

I A A D S S C
• M T B A T C O

SP 0 S R R A N
* A M / K E T T

C I T E S T A

• MATERIALS T C R N S E M
• S A I R /

0 N N D
Sx / G E

Y R T
G E E

* E F R
N I N L

* SiO/Si on Pyrex 0

Os/Al on Quartz 0

* AgIAI on Quartz 0

Au/Al on Quartz o

MgFJ/AI on Quartz 0 -

* WRe/Si on Glass 0

Al on Glass

• Pt on Glass

• (ZnS/A•,M 3)4/Ag/Mo 0 0 0

• (ZnSfI'hF4 )5/Ag/Mo 0 0
0

(Si/AI,0 3 )3/Ag/Si I
• Data contained in this section

Data contained in other, cross-referenced sections
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Table 4.9.1.1a. Impacts Effects Data Base on Mirrors

LDEF COMMENTS •
MATERIALS FIGURES LOCATION

Cu E.91 D9 No damage to substrate beyond area of
impact.

E.95 D9 Splatter of resolidified inatter around craters.
Ni-Cu Damage is similar to that ecn in uncoated 0

Cu.

(ZnS/AI203)
4/Ag on None D8 Impacts revealed multilayer structure.

Polished Mo Evidence of melting around impact sites.
(ZnSnThF,)5/Ag on None D4 Splatter of resolidified matter around craters.

Polished Mo

Cu and Ni-Cu metal mirrors were evaluated for this effect and all of the LDEF

samples showed localized damage at the site of impact. No damage to the mirror substrates

was observed beyond the area of impact (Ref. 9). Impacts on a (ZnS/A120 3)4/Ag/Mo mirror

revealed the multilayer structure and also showed signs of melt (Ref. 17). On a •

(ZnS/ThF4)5Ag/Mo sample, impacts did not reveal the multilayer structure but debris was

splattered about the site (Ref. 17).

4.9.1.2 Atomic Oxygen

Copper mirrors were flown on experiment A01 14 on both the leading and trailing •

edge. The trailing edge showed little effect of AO. The samples on the leading edge

received a total fluence of 8.72 x 10" oxygen atoms/cm2 . X-ray diffraction measurements

and high resolution profilometry showed that the copper was converted stoichiometrically to

Cu 20 (Ref. 18).

Table 4.9.1.2a summarizes materials and provides a guide to data contained in this 0
section. 0
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0

0 Table 4.9.1.2a. Atomic Oxygen Effects Data Base on Mirrors

MATERIALS FIGURES LDEF COMMENTS
LOCATION

None C9 Copper was converted stoichiometrically to
7 C CuO.

4.9.1.3 Scatter

* The data reported in this section are from experiment M0003-2. Table 4.9.1.3a

• summarizes and provides a guide tc, the materials contained in this section.

* •Table 4.9.1.3a. Scatter Effects Data Base on Mirrors

MATERIALS FIGURES LOCATION COMMENTS
L D4

* Bare Mo None D8 Scatter data taken at 1.064 prm. All samples
B - None D9 highly scattering.

* The bare Mo mirror sample was flown as part of the M0003-2 experiment. Samples

• were flown on the leading edge and the trailing edge of LDEF and received exposures of 3

• months, 6 months, 9 months, and 69 months. Scatter data were taken at 1.064 Pm. All

samples were highly scattering. Except for the leading edge, 69-month sample, a trend did

not appear between samples exposed on the trailing edge and samples exposed on the leading

* edge. Even though all samples were highly scattering, the optic exposed for the full duration

* of the flight (the 69-tnonth exposure) scatters more than one order of magnitude more light

• than do samples exposed for 9 months or less (Ref. 5).
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4.9, Mirrors •

4.9.1.4 Absorption/Transmission/Reflectance 0
0

A number of absorption/transmission/reflectance effects on UV/visible and IR mirrors

were reported on by LDEF experimenters. The primary data discussions for these materials

are covered in the UV/visible and IR coatings sections. The data reported on in this section 0
are from experiments A0138-3, A0138-5 and M0003-7. Table 4.9.1.4a summarizes and 0
provides a guide to the materials contained in this section. Table 4.9.1.4b shows references to

related materials/effects covered in other sections of this handbook.

Table 4.9.1.4a. Absorption/Transmission/Reflectance Effects Data Base on Mirrors

MATERIALS FIGURES LOA O COMMENTSLOCATION

Peak reflectivities are within 10 to 15 percent 0
of pre-flight measurements

Loss of reflectance less than 10% over whole

Al on Glass E.110 B3 spectral range for samples internal to
spacecraft. Loss of reflectance of up to 30% 0
at 220 nm for space-facing samples

Loss of reflectance around 10% at tfiee

specific test wavelengths (58.4 nra, 74.4 nm,

Pt on Glass E.1I 1t B3 and 121.6 nin) for samples inteinal to
spacecraft. Loss of reflectance of up to 35%
at 121.6 nm for space-facing samples

Minimal reduction in reflectance at the desired
(Si/AIsh,)e/Ag on None D8 wavelength. 2.8 pm. but with an indication of

Polished Si sourface oxidation and reduction of reflectance
at longer wavelengths (i.e.. 1-4 pm)

(ZnS/At2O3 V/Ag on Significant reduction in reflectance with
(Znshed o None D8 apparent spectral shift of the refl.ctance
Polished Mo maximum. Dendritic growth also apparent.

Significant reduction in reflectance with
(ZnS/ThF4)5/Ag on None D4 apparent spectral shift of the reflectance

Polished Mo maximum, Dendritic growth also apparent.

4-806
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* 4.9, Mirrors

0 Table 4.9.1.4b. Absorption/Transmission/Reflectance Effects Data Base for Coatings
* Applicable to Mirrors

* MATERIALS/ I LDEF COMMENTS
SUBSTRATE LOCATION

AI-MgFJ Outside/inside samples had significantly-
• B 1664 Glass' E.41 B3 reduced reflectance over all wavelengths.

ThF4-Ag/ E.42 B3 Outside/inside samples showed little change in
B 1664 Glass' reflectance over all wavelengths.

KAI203Ag/ E.43 B3 Outside/inside samples had significantly-

KanigenO reduced reflectance except at the blue end.

-AI-MgF) Inside sample had significant reduction in
KanigFJ E.44 B3 reflectance at upper end. Outside sample had

ainsignificant reduction across the entire band.

Inside sample showed slight shift in
4 reflectance. Outside sample had little

reduction at the blue end but a slight shift to

the high end.
MgO-MgFj

B 1664 Glass' Inside sample showed a significant reduction
in transmittance at the blue end. Outside

E.46 B3 sample had a significant reduction in
tiansmission at the blue end and a slight

* _reduction at the upper end.

* Visible 1060 nm Remained optically efficient.
mirror/TiO,-SiO2 on None B3

B 1664 Glass'

10.6 pim min or/Ge- No significant change
* ZnS-ThF 4 on B 1664 None B3
* Glass2

Data relevant to this material are presented in Section 4.5.1.4.

SData relevant to this material are presented in Section 4.6.1.4.

0

For the A01)8-3 sample, the WRe/Si on glass mirror was evaluated using a classical

reflectometer. The peak post-flight reflectivities of the mirror were found to be within 10 to

15 percent of the pre-flight measurements. This degradation was estimated to be due in part

to the 3 nm contamination observed by the experimenters on the mirror surface (Ref. 25).
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For the A0138-5 samples, the Al and Pt coatings on Glass were flown as witness

mirrors for the ruled and holographic diffraction gratings portions of the experiment. There

were two sets of space-borne samples: one set was space-facing and a second set was turned

inward. For the inward facing sample set, both Al and Pt witness mirrors experienced some

degradation in reflectance. The Al coating lost less than 10-% reflectivity over the whole

spectral range while the Pt coating lost reflectivity of around 10-% for three discrete test

wavelengths (58.4 nm, 74.4 nm, and 121.6 nm). For the space-facing sample set, both Al and

Pt witness mirrors experienced degradations in reflectivity that were more pronounced than

for the inward-facing samples. The Al coating lost up to 30-% reflectivity (at 220 nm) while

the Pt coating lost up to 35-% reflectivity (at 121.6 nm) (Ref. 23).

For the M0003-7 samples, the (Si/AI20 3)3/Ag on polished Si mirror showed a minimal

reduction in reflectance at the desired wavelength of 2.8 pm, but with an indication of surface

oxidation and reduction in reflectance at longer wavelengths (i.e., 3-4 Pm). Zinc-sulfide-

based coating designs, (ZnS/A120 3)4/Ag on polished Mo and (ZnS/ThF4)5/Ag on polished Mo,

showed significant reductions in reflectance at the desired wavelength with large spectral

shifts of the reflectance maxima apparent. Dendritic formations were also seen. A

combination of thermal cycling and irradiation effects probably provided energy for the

dendrite formation process (Ref. 23).

4.9.1.5 Darkening

At the present time, no data have been found for this section.

4.9.1.6 Stress

Table 4.9.1.6b shows references to related materials/effects covered in other sections

of this handbook.
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Table 4.9.1.6b. Stress Data Base for Coated Refractive Optics
Applicable to Mirrors

MATERIALS/ LDEF
• COATING FIGURES LOCATION COMMENTS

LaFjChiolite/MgF2' None B3 Did not survive because of high stress levels

'Data relevant to this material are presented in Scution 4.3.2.6.

* 4.9.1.7 Contamination/Deterioration

All sampies were hazed and discolored with corrosion spots on the surface. The Cu

* sample showed grain boundaries (Ref. 9). Table 4.9.1.7a summarizes and provides a guide to

* the materials contained in this section.

Table 4.9.1.7a. Contamination/Deterioration Effects Data Base for Mirrors

MATERIAL[S/ FIGURES I)FEF COMMENTS
* SUBSTRATE LOCATION

Ni E.92 D9 Corroded and hazed surrounded by
discoloration zone.

E.93 D4 Hazy. discolored surface with corrosion

Diamond-Turned 
Cu

E.94 D4 Hazy. discolored surface showing grain
-•- _ _ -boundaries.

* Table 4.9.1.7b shows references to related materials/effects covered in other sections

* of this handbook.

4
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Table 4.9.1.7b. Contamination/Deterioration Effects Data Base for IR Coatings
Applicable to Mirrors

MATERIALS/ FIGURES LDEF COMMENTS 1
SUBSTRATE LOCATION J-

(ZnS/AI20 3)
4/Ag E.59 D8 Corroded and hazed.

Polished Mot __

SiO/Si on Pyrex2  None C3 Degradation in UV spectral reflectance due
C9 to contamination.

Os/Al on Quartz2  None C3 Complete oxidation of the silver film and
C9 complete oxidation and evaporative removal

of Os film on leading edge.

Ag/Al on Quartz 2  None C3 Complete oxidation of the silver film in both
C9 leading edge and trailing edge samples.

Au/Al on Quartz2  None C3 Slight visual difference in leading edge 0
C9 samples. No obvious effect on trailing edge

samples.

MgFJAI on Quartz2  None C3 No visible effect in leading edge or trailing
C9 edge samples.

SData relevant to this material are presented in Section 4.6.1.7.

2 Data relevant to this material are presented in Section 4.5.1.7.

D

4.10 SECOND SURFACE MIRRORS

Second surfa.:e mirror (SSM) materials were flown on LDEF experiments M0003-5, 0
M0003-1 1, and S 1002. Data obtained for this handbook were from experiment S 1002. The 0
SSM coatings were deposited in the configurations of the SSM/interference filter (IF) and

SSM/IF/conductive layer (LS) and were characterized by analyzing the change in the

coating's solar absorptivity (a) and emissivity (e). All the space-exposed surfaces showed

increases in solar absorptivity of varying magnitudes. The magnitude of the solar absorptivity S
change varied from sample to sample but spanned the values of negligible change to 0.14 0
dependent upon the amount of contamination deposited. The second surface mirrors 0
discussed below were in experiment S1002 (Ref. 19).
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* Table 4.10.a shows a summary of the experiments containing SSMs.

Table 4.10.a. Experiment Summary for Second Surface Mirrors

I EXPERIMENT SECOND SURFACE MIRRORS

S1002 Quartz/Silver With Interference Filter, Quartz/SilverS10With Interference Filter and Conductive Layer

• Table 4.10.b shows the SSM materials and the effects addressed by the LDEF

• experimenters.

• Table 4.10.b. Second Surface Mirrors

EFFECTS

I A A D S S C

M T B A T C 0
_ P 0 S R R A N
* A M / K E T T

C I T E S T A
* MATERIALS T C R N S E M
• S A I R /

0 N N D
* X / G E

Y R T
G E E

* E F R
*• N L _.__

Quartz/Silver With Interference Filter 1
Quartz/Silver With Interference Filter I0 and Conductive Layer _

Data contained in this section
Data contained in other. cross-referenced sections
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4.10, Second Surface Mirrors 0
0

4.10.1 Second Surface Mirrors

4.10.1.1 Impacts
0

The quartz-silver mirrors did suffer some micrometeoroid/debris effects showing some

cratering with adjacent conchoidal areas. No estimate of the effect of these craters on the

mirror performance has been reported to date, however (Ref. 20). 0
0

Table 4.10.1.Ia summarizes and provides a guide to the materials contained in this

section.

Table 4.10.1.1a. Impacts Effects Data Base For Second Surface Mirrors

MATERIALS FIGURES LDEF COMMENTS
LOCATIONj

Quartz/Silver E.96 E3 Micrometeoroid impact caused crater with
several large conchoidal areas adjacent to
impact site.

0

4.10.1.2 Atomic Oxygen

At the present time, no data have been found for this section. 0

0
0

4.10.1.3 Scatter 0
0

0
At the present time, no data have been found for this section. ,

0

0
4.10.1.4 Absorption/Transimission/Reflectance 0

0
At the present time, no data have been found for this section.

0
0
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4.10, Second Suiftice Mirrors

* 4.10.1.5 Darkening

At the present time, no data have been found for this section.

* 4.10.1.6 Stress

0 At the present time, no data have been found for this section.

4.10.1.7 Con ta mination/Deterioration

* The mnirror samples reported in thle LDEF data base did show some of thle

*conltamnination reported by other experimenters. However, there was no noticeable increase or

* oniy very slight increases in tile solar absorptivity of the mirrors. No appreciable change in

* ~thermal emissivity was seen in either rcf the S1002 experimenlt samples (Ref. 19). TFable

4.10. 1.7a summnarizes and provides a guide to the materials contained in this section.

Table 4.10.1 .7a. C-onitarni iiation/Deter-ior~atioii E~ffects Data Base For
Second Surface Mirrors

*MArE.RIAL.S FI G I(IJR ES LI)EF C()NINICN'S
-~~ ~ LOC___ J ATION

Quarlz/Silvcz Willi None E3 No noticeable increase of solar absorptivity
0Interference Filter' (a) due to contanlanation (Aay 0). No

apprecinble change in thciinal em is sivi y (r)
(Ae = 0I)

*Quartz./Silver Willh None E3 Very slight increase ol'solar absorptivity (a)
Interference Filter and due to contamination (Aax 0.02). No

0 Conductive Layct-2 appreciable change in thermal em issi vi ty (c)
* _____________ -- ____ I (Ae 0)

This configtirat it~ withI intteierettee tilter liid t hree qtiI tir v.ave layer pjo rN of /iiS/Al.,() Jollow ed by layers of hinS and At oil
thle SSM. 'Pi SSM is fonsied by laymi of Teflont. Al. Agi. Iticoiwi. IX' 935W, o At.

2 '111k kOn figUosliiOn With iffteifel'Cilce filter alld condijeti ye layer had it laye r of t02C). followed hy fouir quarter-wave lityer pairs of

ZitS and At2O1., followed by layers of 'M.MA iuid Al on thle SSM ISatine colislioit iltio a.% ivxe).
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4.11 QUARTZ CRYSTAL MICROBALANCES

The Quartz Crystal Microbalances (QCMs) flown on LDEF were of interest as

contamination monitors for companion optics. All data contained in this section are from

samples flown on experiments M0003-14 and S1002. Table 4.1 .a shows a summary of the

experiment containing QCMs.

Table 4.1 .a. Experiment Summary for QCMs

P IMENT QCM CONFIGURATIONS

(1) QCM crystals with 9000 A of aluminum ai I1
aluminum oxide (Al + AI•O•) and a top layer of 150 A
of 1n20 3 and (2) crystals with of 9000 A of (Al + A120 3)

M0003-14 and a top layer of 150 A of ZnS. Each of the QCMs
consiistcd of a pair of crystals. one exposed to the
environment and termed the "sense" crystal, and one that S
remained unexposed and, hence, termed the "reference"
crystal.

(1) QCM crystals with 9(X0 A of aluminum and
aluminum oxide (Al + Ai20) and a top layer of 150 A

S 1002 ',f h11204 and (2) crystals with of 9000 A of (Al + A120 3) S
and a top layer of 150 A of ZnS.

Table 4.1 l.b shows the QCM materials and the effects addressed by the LDEF

experimenters.

4.11.1 Quartz Crystal Microbalances •

4.11.1.1 Impacts •

At the present time, no data have been found for this section. 5
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* 4.11, Quartz Crystal Microbalances

* Table 4.11.b. Quartz Crystal Microbalances

EFFECTS

I A A D S S C
M T B A T C 0

* P 0 S R R A N
A M / K E T T
C I T E S T A

• MATERIALS T C R N S E M
S A I R /

0 N N D
* X I G E

Y R T
• E E

E F R
•_N L.

* In 2O3 IAt/A1,0 3 on Quartz

ZnS/AII/AIO 3 on Quartz I_.
0 Data cont,: *'cd it this section

9 Data contained in other. cross.referenced sections

4.11.1.2 Atomic Oxygen

At the present time, no data have been found for this section.

* 4.11.1.3 Scatter

• Ai the present time, no data have been found for this section.

4.11.1.4 Absorption/Transmission/Reflectance

* Data for the Experiment M0003-14 samples were taken and analyzed by LDEF

* experimenters concerning absorption and reflectance. For all crystals, there was an increase

• ~4--950
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in average reflectance with increasing wavelength. Positions of the wavelength maxima and

minima in the interference patterns are shifted negligibly (Ref. 21).

Table 4.11.1.4a summarizes and provides a guide to the materials contained in this 5
section. S

Table 4.11.1.4a. Transmission/Reflectance Effects Data Base For
Quartz Crystal Microbalances •

LDE •
MATERIALS FIGURES DEF COMMENTS1LOCATION

In2OJAlIAl203 on E.97 D3 For all crystals, there is an increase in average
Quartz D9 reflectance with increasing wavelength.

E.98 Positions of the wavelength maxima and
minima in the inierference patterns are shifted
negligibly. Trailing edge material (D3, active)
experienced amplitude modulation in
uncorrected diffuse reflectance (probably due
to thickness interference). Leading edge
material (D9, active) showed nearly identical
modulation amplitudes.

ZnS/Al/A1203 on E.99 D3 For all crystals, there is an increase in average
Quartz D9 reflectance with increasing wavelength.

E. 1t0 Positions of the wavelength maxima and
minima in the interference patterns are shifted
negligibly. Trailing edge material (D33,
passive) experienced amplitude modulation in
uncorrected diffuse reflectance (probably due
to thickness interference). Leading edge •
material (D9. passive) showed significant
modulation amplitudes over entire wavelength
band.

The data analysis was two-phased: an FT1R absorption analysis and an uncorrected

diffuse reflectance analysis (Ref. 21). Each is discussed as follows:

FTIR: An absorption characteristic of the Si-O stretching vibration is observed on the

leading edge sense crystals I and 3 at 1061 cm". The most noticeable observation about

these spectra is the absence of absorption at 1061 cm' on the leading edge reference crystals 5

4-96
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2 and 4, as well as on all the trailing edge crystals 5 through 8. Since we know from the

other measurements that Si is indeed present on the surface of the sense crystals on both the

• leading and trailing edges, results from the FI'R spectra must be interpreted as a measure of

the relative concentrations of Si on the leading versus the trailing edges, as well as sense

* versus reference crystals, scaled by the sensitivity of this measurement. Other absorptions

-• due to C-H, C=O, apd C=C stretching vibrations and C-H deformations were observed in both

• leading and trailing edge crystals at approximately the same frequencies. All the crystals

indicate the presence of C-H vibrations in the range 2900 to 2500 cm-'. In QC 3, there is

* strong absorption at 3339 cm-', which is due to the O-H stretch from water or alcohols on the

S•surface. A weak absorption at -1640 cm-' seen in crystals 3, 4, 6, 7, and 8 is the C=C stretch

• from unsaturated hydrocarbons. An absorption at 955 cm-' appears fairly consistently at the

* same position in all crystals with the exception on sample 4 where this peak is shifted to 948

* cm'. Although the assignment of the absorption at 955 cm ' remains ambiguous at the

present time, it is most likely due to C-H deformations from alkenes. Other likely causes for

this absorption could be the symmetric and asymmetric bends from SiH3 or an Si-O-R

* (aromatic) stretching vibration. Shifts in the Si-O stretching vibrations, which generally occur

* in the range 1110 to 1000 cm', from either Si-O-R (aliphatic) or Si-O-Si, may be an

* alternative explanation. An absorption that generally appears in the range 760 to 740 cm-' in

* both the leading and trailing edge crystals is found to be always shifted to higher frequencies

in the sense crystals compared to the conesponding reference crystals. The most likely

assignment of this absorption is the AI-O stretch from the aluminum oxide layer present in

• all the crystals. C-H deformations due to alkanes could also be contributed to absorption at

• this frequency. Changes in local environment, especiaily on the sense crystals, could account

* for the shifts in the position of this peak (Ref. 21).

• Reflectance: Uncorrected diffuse reflectance was measured as a function of

wavelength for each pair of sense-reference crystals on the leading and trailing edges. For all

• the crystals, it can be seen that with increasing wavelength, there is an increase in the

* corresponding average reflectance. In addition, it is seen that all the crystals also displayed

* 4-97
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0

thickness interference patterns in their reflectances. While the modulation amplitudes in -

crystals 1 and 2 (LDEF leading edge, active crystals) are nearly identical, differences in
modulation between QCs 5 and 6 (LDEF trailing edge, active crystals), and QCs 7 and 8

(LDEF trailing edge, passive crystals) fall within a wide range of 2 to 20 percent in the

wavelength range 2000 to 5000 A. The most striking differences are observed with the QC

pair 3 and 4 (LDEF leading edge, passive crystals), where it is seen that the modulation

amplitude in crystal 3 is significantly lower (by 10 to 50 percent) over the entire wavelength

range (2000 to 10,000 A) than that of the reference crystal 4 (Ref. 21).

On observing the position of the wavelength maxima and minima in the interference
patterns in each of the sense-reference crystal pairs, they appear to be shifted negligibly with 0
respect to each other as well as with respect to the other crystal pairs, and are not large 0
enough to result in significantly different values for the product (n x d), where n is the

refractive index of the film and d is the film thickness (Ref. 21).

In addition, the range of wavelengths at which these interferences are observed (2000
to 12,000 A) is so large that a 150 A top layer either of ln 20 3 or ZnS cannot be responsible

for the interferences. Thus, it is postulated that these interferences are more likely due to the

underlying Al/AI2O, layer. A likely explanation for the observed behavior is that surface 0
roughness can cause an increased scattering, which in turn, can dampen the modulated

amplitude of the reflected wave. In particular, analysis of the tilted samples reveals that QC
3 shows an overall thinning of the top ZnS layer and particularly shows a reduction in the

concentration of zinc present on the surface. This could result in scattering by sulphur

particles or other contaminants on the surface and an overall damping of the modulated •
amplitude (Ref. 21). 0

0-

4.11.1.5 Darkening

At the present time, no data have been found for this section.
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• 4.11.1.6 Stress

At the present time. no data have been found for this section.

* 4.11.1.7 Contamination/Deterioration

In a portion of Experiment M0003-14, 150 A of ZnS and In203 were deposited on0
separate QCM prior to the flight, and by measuring the difference in QCM frequencies

between the pre- and post-flight, it was determined that approximately 8 nm of contamination

* were deposited during the flight. Si (probably from silicone) is the key contaminant

* identified on the surface of all the crystals. The level of Si contamination -s found to be

• higher on the leading edge than on the trailing edge. Other, lesser contaminants found on

* several of the crystals include Mg, Ca, K, Na, Ag, Cl, Sn, and Pb. Contamination source(s)

are still to be resolved (Ref. 21).

* Table 4.11.1.7a summarizes and provides a guide to the materials contained in this

* section.

• SEM photographs of all the ciystals were oNbtained at various magnifications. EDAX

revealed (Ref. 21) that:

* Higher Si contamination on the sense crystal on the leading edge than on the
sense crystal on the trailing edge, but a higher Si contamination on the
reference crystal on the trailing edge than on the leading edge

* Comparing sense crystal 3 with reference crystal 4 on the leading edge and
with crystals 7 and 8 on the trailing edge. it is observed that although the
increase in the Zn and S concentrations on tilting are comparable, the ZnS

= •coating appears to have thinned in sense crystal 3, as indicated by considerably
* lower percentages of both Zrn and S in QC 3 relative to QCs 4. 7, and 8.
* While these measurements were not performed before flight, all samples were

deposited such that the coatings should have been identical.

* 4-99
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Table 4.11.1.7a. Contamination/Deterioration Effects Data Base -
For Quartz Crystal Microbalances

MATERIALS FIGURES LDEF COMMENTS 0
II)CATION I

h17OA/JAI1,O3 on None D3 Si (probably from silicone) is the key
Quartz D9 contaminant identified on the surface of all the

crystals. Level of Si contamination is found
to be higher on the leading edge than on the 0
trailing edge. Other, lesser contaminants
found on several of the crystals include Mg,
Ca. K. Na, Ag, Cl. Sn, and Pb.
Contamination source(s) still to be resolved.

ZnS/AI/A1203 on None D3 Si (probably from silicone) is the key
Quartz D9 contaminant identified on tie surface of all the

crystals. Level of Si contamination is found 0
to be higher on the leading edge than on the
trailing edge. Other, lesser contaminants
found oC) several of the crystals include Mg,
Ca. K, Na. Ag. Cl. Sn. and Pb.
Contamination source(s) still to be resolved.

In.O)AlO, on Quartz None E3 Frequency increase by 33 Hz due to - I nm
contamination layer. Contaminant not
identified specifically.

ZnS/AIO on Quartz, None E3 Frequency increase by 225 Hz due to - 8 n 0
contamination layer. Contaminant not
identified specifically.

Using XPS, a comparison of leading edge crystals (1,2,3, and 4) versus trailing edge

crystals (5,6,7, and 8) indicates that there is a higher percentage Si coverage on the leading

edge. In addition, a comparison of the sense crystals versus the reference crystals indicates a

higher percentage Si coverage on the sense crystals (Ref. 21).

The SIMS technique was used to gather more information on the Si contamination

area coverage, and depth profiles. A thin filn of carbon was first deposited on the surface of

all the samples to minimize charging, and the analyses were performed by sputter etching

through the carbon film. This technique worked well on the InO 3-coated crystals. It did not

work as well on the ZnS-coated crystals. Depth profiles and elemental analyses were rnade 0

4-1000
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. with an Applied Research Laboratories (ARL) ion microprobe mass analyzer (IMMA) using a

"0 •1 nA primary beam of oxygen ions accelerated to 4.5 kV and focused to approximately 15

* _pm in diameter. The depth profiles were made following elements of each of the

-•contaminants (Si, K, Mg), and the coating (In, Zn), and the substrate (Al) (Ref. 21).

* A survey of the results shows that the Si+ intensity is approximately 1 to 2 orders of

- "magnitude higher on the sense crystals compared to the reference crystals, and appears to be
approximately an order of magnitude higher on the leading edge sense crystals compared to

the trailing edge sense crystals. Depth profiles showing the distribution of Si relative to In

• and Zn for the In20 3-coated crystals show that on the sense crystal 1, a layer of Si occurs

, above the 111203 layer. On the reference crystal 2, there is no distinct indication of Si

* coverage of the In20.3 layer. The presence of a significantly smaller Si layer above the In 2• 3

* layer is detected on the sense crystal 5, while on the reterence crystal 6, Si is not present on

* the surface. Similar results are obtained from the ZnS-coated crystals although interpretation
is hindered by charging of the sample upon reaching the ZnS layer (Ref. 21).

* With regard to the S 1002 samples (flown in E3), QCM measurements and physical
* surface analyses done by the experimenter indicated between I and 8 nin contamination layers

on all space-exposed surfaces. The QCM frequencies increased during the mission. The

* frequency of the QCM (ZnS) increased relatively strongly by 225 Hz and of tile QCM (1n20 3)

by 33 Hz only (Ref. 19).

S•4.12 RELATED MATERIALS EXPERIMENTS

• A variety of other materials was flown on LDEF from which data can be obtained that

are relatable to space optical systems. The LDEF data available from selected adjunct

experiments are discussed below. Table 4.12.a shows a summary of experiments related to

* 4-101
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space optics. Table 4.12.b shows the related optical materials and the effects addressed by 0
the LDEF experimenters.

Table 4.12.a Experiment Summary for Related Space Optics Materials

EXPERIMENT RELATED SPACE OffTICS MATERIALS •

A0034 Thermal control coatings on borosilicate or fused silica windows:
Z-93 paint, A-276 paint. S-13G paint. S-13G/LO paint, Z-306
Chemglaze, and YB-71 ZOT paint

7940 coverglass/Mark IIIE, 7940 coverglass (bare). 7940
M(XX)3-4 covcrglass/Mark HIID, 7940 coverglass with 350 nm catling,

Ceria with 350 nim coating

M(XX)3-8 P1700 PolysullfoneT30() Graphite. PMR-15 Polyimide/C6(X)
Graphite. 934 Etx)xyfl'3X) Graphite

4.12.1 Related Space Optical Materials 0

4.12.1.1 Impacts

Table 4,12. 1. Ia summarizes and provides a guide to the materials contained in this

section, Experiment M(0003-4 was a solar optics experiments which flew uncoated and coated 0
fused silica cover glass. Fused silica is used for rcfractive optics and substrates for optical 0
systems. Long, fine fractures emanated from impact craters. Coatings are microfractured and 0
flaking at the edges. Blisters appear along fractures. Dendritic growths are apparent (Ref.

12). The solar cell covers showed similar impact damage as the refractive optics components.

4-1020
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• ~Table 4.12.b. Related Space Optics Materials

l EFFECTS

*1 A A D S S C
* M T B A T C 0

P 0 S R R A N
• A M / K E T T
* C I T E S T A

MATERIALS TS C R N S E M
*S A I R /

I 0 N N D
X / G E

• Y R T
G E E
E F R

•_ N 1
0 Thermal Control Paints
* (Z-93 paint. A-276 paint. S-13G paint,

S-13G/LO paint, Z-306 Chemglaze. and
YB-71 ZOT paimt)

7940 Covcrglas, (bare) 0

• 7940 Coverglass/Mark 1111)

7940 Coverglass/Mark IIIL

* 7940 Covcrglass with 350 nm Coating

Ceria with 350 nm Coating

• P1700 Polysulflone/T300 Graphile

S[PMR- 15 Polyimide/C(M Graphite

* 934 Epxoxy/I'300 Graphite

* Data contained in this section
0 Data contnainled in o(her. cr•sws-reft rencct s ion

• 4-103
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Table 4.12.1.1.a Impact Effects On Related Optics Materials
MATERIALS/ FGRS LDEF CMET

COATING LOCATION

7940 coverglass/ E.101 D9 Long fine fractures. Coating blistered

MARK IHIE E.102 D9 and flaked

E.103 D9 Parallel fractures in cover glass

7940 coverglass E.104 D9
Bare

E.105 D9

7940 coverglass/ E.106 Dendritic growths along fractures
MARK IIID

4.12.1.2 Atomic Oxygen 0

Data from two experiments, A0034 and M0003-8, were found for this section. Table

4.12.1.2a summarizes and provides a guide to the materials contained in this section.

Table 4.12.1.2.a Atomic Oxygen Effects On Related Optics Materials
IILI)EFI•

MATERIALS FIGURES LOA N COMMENTSI LOCATION I•

Thcrnial Control•
Paints on Window l.114 C9 Material erosion as evidenced by induced

Substratcs C3 changes in fluorescence

P 17X)
PolysulfoneT17300 E. 107 D9 Material erosion 0

Graphile ...... __

PMR- 15 •
Polyiinide/C600 E. 108 D9 Material Erosion

Graphite _

934 Epoxy/T300 E.109 D9 Material Erosion
Graphite

4-104 -0il
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0 Thermal control paints flown on experiment A0034 showed evidence of AO effects.

Fluorescent emissions from the thermal control coatings under black-light illumination

revealed patterns of material-dependent visible changes as a result of AO exposure (and solar

UV). For the six types of thermal control coatings, the induced changes in fluorescence are

• similar in pattern for the three zinc oxide-based coatings (Z93, S13G, and S13G-LG') as well

• as for the two polyurethane-based coatings (A276 and Z306). The zinc orthotitanate (YB-71)

0• coatings provided no detectable evidence of intrinsic or induced fluorescence. The intrinsic

yellow glow of the three zinc oxide-based coatings under black-light illumination is

suppressed as a result of exposure on the leading edge. Fluorescent emission of S 13G and

* S 13G-LO directly exposed on the trailing edge is shifted in color to longer wavelengths

• (orange), while the fluorescence of Z93 specimens directly exposed on the trailing edge is

• apparently suppressed to the same degree as Z93 specimens on the leading edge (Ref. 11).

Specimens of the two polyurethane-based coatings were included only in the leading

edge unit. Distinct fluorescent emission under black-light illumination is seen for specimens

of these coatings exposed under the UV-windows, excluding AO. This induced fluorescence

• is generally lost as a result of exposure to AO for specimens of these coatings on the leading

* edge, although the Z306 specimen directly exposed on the leading edge is faintly fluorescent

• when viewed under black-light at an angle approximately 100 off-nornal (Ref. 11).

-0
These material-dependent fluorescence changes induced in the coatings as a result of

the space exposure were found to be governed primarily by AO (and solar UV) exposure.

• Detailed spectral measurements of fluorescent emission are being obtained by the

* experimenter to correlate with the flight specimen black-light observations. Laboratory AO

* (and UV) exposure testing of the specimens is still in progress by tile experimenters to

investigate the nature of these induced effects further (Ref. II).

• Experiment M0003-8 flew specimens of organic matrix/graphite fiber reinforced

* composites at both tile leading and trailing edges of LDEF. Graphite/Epoxy materials are

* 4-105



4.12, Related Material xvperiments

under consideration for use as sunshades for optical systems. The LDEF experiments provide

insight to the performance of these materials in an AO environment. The leading edge of the

exposed composites suffered AO erosion. Leading edges using these materials will require

AO protection. Photomicrographic results showed that the leading edge of organic

composites could experience recession with 3 to 7 mils of material loss (Ref. 22). 0

4.12.1.3 Scatter

To date, no data have been found for this section.

4.12.1.4 Absorption/Transmission/Reflectance

To date, no absorption/transtn.ssion/reflectance data have been found for this section.

4.12.1.5 Darkening •

While no cryogenic optics were flown on LDEF, cryogenic optics are important for IR

applications. A recently completed series of experiments under BMDO PMA 1501 has shown

that cryo-optics which contain impurities will darken when subjecte.d to low levels of

radiation. This did not happen when care was taken in controlling impurity concentrations in

the optics. 0

4-1060
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0 4.12.1.6 Stress

SPost-flight tensile moduli values compare favorably with preflight values for the epoxy

and polysulfone system. Compression moduli data for the epoxy and polysulfone systems are

* questionable due to the severe end blooming (Ref. 22).

Table 4.12.1.6a summarizes and provides a guide to the materials contained in this

section.

Table 4.12.1.6a. Stress Effects On Related Optics MaterialsI jFIuiu~s LI)EF

MA'rTERIALS FIGURES ICATION COMMENTS

P1700 Polysulfonelr3(X) E. 113 DI) Favor)able pre- and p•st-lest tenisile
Graphitc moduli comip)urable

•PMR- 15 Polyimidc/C(A) EA.113 D9 Favorable prc- and )ost-lest tensilc
• raphie.. modluli comparable

934 Epoxyl1'3) (lii E.113 D9 I Favorable pre- and pX)St-test tensile
r'.'/'3 i~xlouli comparable

T The compression and tensile test results are based on a limited sample. Pre- and post-

* flight strength values are very similar but well below anticipated values (Ref. 22).

4.12.1.7 Contamiination/Deterioration

* Experiment A0034 was an AO outgassing experiment on which UV windows and

* mirrors were included adjacent to thermal coatings. This experiment showed that severe

transmission/ reflectance losses could result for space optical materials if they are located too

close to thermal control paints (Ref, 11). Experiment M0003-4 was an experiment

* examining space effects on solar power components. This experiment showed that coatings

* on glass can crack and flake when exposed to the space environment (Ref. 12).

* 4-107
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Table 4.12.1.7a summarizes and provides a guide to the materials contained in this 0
section. •

0
0

Table 4.12.1.7a Contamination/Deterioration Effects On Related Optics Materials •
MATERIALS!/ LDEF

FýC RIL/ IGURES LDFCOMMENTS
COATINGS LOCATION C

Thermal Control E 114 C9 Contamination from thermal paints severely 0
Paints on Window C3 degraded optical performance.

Substrates

7940 Coverglass/ E.1 15 C9 Perimeter hazed. Coating cracked and flaked.

350 nm coating •

Ceria/ E.1 16 C9 Perimeter hazed. Coating cracked and flaked. 0
350 nm coating _

0
0

T he A0034 thermal control coatings consisted of YB-71, Z-93, S 13G, S 13G-LO, 0

A276, and Z-306 paints. Molecular contamination on the inner surface of the UV-grade 0

quartz windows flown along with the coating samples provided one comparable measure of 0

0the optical degradation attributable to the various types of coatings. These contaminlated films

wtre yellow and red in color and bonded relatively strongly to the inner glass surfaces (Ref. 0

l1).• --

0

The visible darkening of the A0034 flight windows and the measured degradation in 0

UV transmittance were significantly greater for the leading edge samples than for the trailing 0

edge samples. Since the inner surfaces of the sealed (teflon gasket) windows were not

exposed to AO, one cause for the enhanced deposition on the leading edge windows identified •

by the experimenters may be thermal in origin, arising from different susceptibilities to 0

deposition as a result of more rapid cooling during sun/shadow transitions for the LDEF row 0
receiving more direct sun illumination in the early mission phase when outgassing should 0

have been more prevalent. The transmission losses of these windows indicate the relative •

severity of contamination effects resulting from outgassing and solar UV-induced

photochemical reaction for the various types of underlying thermal control coatings (Ref. 1. 1). 0

0

4-108 0
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0 The A0034 experimenters also noted some obvious discrepancies in the response to

• space exposure for a few of the coating specimens compared to the average response

• observed for specimens of a type. The experimenters believe that this indicates the existence

• of batch variations which must be considered in generalized predictions of response to space

• exposure (Ref. 11).

-0
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* CHAPTER 5
* OPTICAL DESIGN CCNSIDERATIONS:

IMPACT OF LDEF RESULTS AND ANALYSES

5.1 INTRODUCTION

* This chapter presents the conclusions and inferences drawn from the LDEF data

* presented in Chapter 4. Because there was a variety of experiments, materials, LDEF

* locations, and environments experienced, the data set is multi-faceted. To capture this multi-

* faceted nature, the following material endeavors to categorize the LDEF results into groups

useful to optical designers. As will be seen, these groups align with optical system design

* parameters.

-•The LDEF experimenters attempted to address the following optical system-related

-•concerns:

* Degradation of transparent elements (darkening, impacts, contamination) which:

• *. Reduces the throughput of a.vailable light for photometric, radiometric,
* and imaging systems

• Degrades image resolution
Increases scattering which, in turn, increases background noise.

Degradation of optical coatings (erosion, discoloration, delamination, pitting,
contamination) which produces:

* Holes in coating that may alter material wavelength-dependent
* transmission and reflection properties

Surface contamination on coatings that may decrease throughput of light
• - Increased scattering which, in turn, increases background noise.

Degraded or damaged coatings which encourage other types of damage that
lead to:

-0 5-1
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Redeposition of contaminants, including damaged coating materials, on
other system optics (leading to loss of resolution, reduced throughput,
wavelength dependence)
Permanent changes in multilayer-coating thicknesses due to thermal
cycling at high temperatures

Degradation of diffuse paints or diffuse metal coatings in optical systems
(erosion, discoloration) which may cause:

-- Baffling efficiency to decrease due to increase in specular reflection or
the baffling efficiency to increase due to an increase roughness of baffle
surface topography

- Redeposition on other materials
- Contamination of system optics (lk iding to loss of resolution, reduced •

throughput, and/or altered wavelength dependence) 0

Degradation of fiber optics (radiation darkening, impacts, contamination) that •
result in:

- Reduced transmission
- Complete loss of signal
- Increased system bit error rate (digital)
- Decreased signal-to-noise ratio (analog)

In the chapters that follow, the experimental results presented in Chapter 4 will be

categorized in terms of the impact they have on the performance of optical systems. The •

emphasis is on sorting through the extensive, expanding LDEF database to find "what •

worked'. It is expected that more items will be added to the "working" category as data 0
continue to become available. •

5.2 CRITICAL INTERACTIONS FOR OPTICAL SYSTEMS 0

Figure 5.1 shows, for a generic optical system, the design flow from the natural •

environments which can impact a system through the component response to the sensor

response. As can be seen from the figureý, in the design of an optical system for space, the

5-2 •
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5.2, Critical Interactions for Optical Systems 0
0

majority of the optical components will not experience the full range of hazards observed on

LDEF. The following observations can be made: •

0
All of the components will experience the ionizing radiation environment. •

Depending upon the design, all the components can experience the thermal 0
environment and be subjected to contamination. 0

S
External components such as primnary mirrors, windows, baffles, and the sun •
shade can experience the effects of solar radiation, AO, and micrometeoroids
and debris. •

_

Based on the operational environments to which the components might be subjected •

and based on the specific system design features, three groupings can be defined to classify •

the exposure for optical components in a space system: (1) benign exposure, (2) minimal •

exposure, and (3) maximum exposure. Each is discussed briefly in the context of space 0

environment exposures in the following sections. •

0
The benign environment. Unless the optical system is designed specifically to

observe the sun, most optical elements will not be exposed to prolonged solar radiation. For -

long-range surveillance missions, internal temperatures will be controlled to at most a few •

degrees. Fluxes of AO and micrometeoroids will be negligible. The benign environment •

category best applies to components "buried" in a telescope assembly, for example, and also 0
applies to experiments flown in the inside of the LDEF spacecraft cylinder. (Specific •

0contamination effects are not considered representative, but must be considered in any optical•

design.) •

0
The minimal-exposure environment. This category describes an optical component 0

exposed to a minimum micrometeoroid and debris environment and also to tile solar flux, but 0
with a low level of AO exposure. This category best applies to "external" telescope compo- 0

nents which are not looking in or near the rain( direction; this category also applies to

0
experiments on the trailing edge position onl I-DEF. •

0
5-4 0
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The maximal-exposure environment. This category describes an optical component

exposed to microrneteoroids and debris and solar flux, with a high level of AO exposure.

• This category applies to "external" telescope components looking in or near the ram direction

• and to experiments on the leading edge position on LDEF.

* In progressing from benign exposure to maximum exposure, each environment

exposure can be characterized as more severe than the one preceding it. For this report, it

was assumed that any optical component that '"works" in the more-severe environment is

deemed to also work in all less-severe environments. This is not axiomatic and any

. •deviations found through future work will be reported as the handbook is updated.

* In order to form a coherent assessment of the magnitude of effects for each of these

* three categories, it is necessary to describe the effects associated with specific LDEF

experimental configurations (experimental location and environments exposures). As shown

in [igure 5.2, the LDEF experiments were located on the surface of a cylindrical shape. The

* •spacecraft was oriented so that its axis of symmetry was pointed at the earth, and so that its

* direction of travel was about normal (8. 0 off) to Row 9. LDEF Solar radiation, AO, and

• umicrometeoroid and debris values, as a function of position, are given in Appendix A.

The solar-radiation.-driven thennal cycle (once per orbit) consisted of 15 orbits per day

for a total of about 34,000 orbits in the longest (70-month) LDEF exposure time. The

* nominal temperature cycle was from -23°C to +66°C, a 160'F swing. This average was

* suggested to have local variations, depending on the geometry and the local absorptancc of

* the solar radiation. Interior locations had the potential for lower swings in temperature, since

* the time period for the thermal variation was about 1.6 hours. Space radiation (e.g., charged

particles and gamma rays) characteristic of the LEO space environment were also present.

Contamination of optics was observed to be very dependent on the particular experiment

* setting.

-- 5-5
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LDEF Orbital
Flight Orientation

Launch April 6, 1984 •
Deploy April 8, 1984 260 NM @28.50
Retrieval January 12, 1990 178 NM
Landing January 20, 1990
32,420 Orbits 854,000,000 Miles 0

Gravity Grai( NORTH 0
Stabilized At. ide•

i0

FACING
END -

'•'/• :DIRECTIOI

SPACE-' -- "--" LDEF ENVIRONMENT•

FACING LEADING 16,o(X) hours UV•IiEND /EDGE 34,000 Thlermal Cycles
0} to 10'2 Oxygen Atoms/era'

•i ~ 2.5 X 10'• rads electrons and protons radiation "

Figure 5.2. LDEF Orbital Flight Orientation
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5 Definition of "working" optics materials. Demonstration of "working" in the

context of this document means that no serious degradation was observed as a result of

* exposure to the space environments in the optical component response parameters of Figure

* 5.1. For example, for optical substrates and metal reflectors (with and without protective

• overcoatings), demonstration of working acceptably requires showing minimal physical

• damage, showing no overcoating or other visual degradation (such as darkening of substrates

• and coatings), and, for the metal reflectors, showing no debonding between the metal, its

substrate, and the overcoat.

• For reflective and refi-active optics, a required test of a component working acceptably

* is demonstrating that the post-flight reflectivity versus wavelength (transmissivity for

* substrates) is comparable to that seen pre-flight. (Regrettably, this test is one that is not

0 presently available for many of the LDEF optical samples because they have been

contamninated, have not yet been cleaned, and, therefore, are not categorized as "working.")

In developing the list of preferred "working" optical components, the biggest driver is the

• contamination of the samples. Because contamination skews and clouds the examination of

* the real behavior of the optical materials after space environment exposure, this limited

* consideration ef optical components to only those elements which were cleaned.

• Measurements made on contaminated components, in most cases, showed a significant

decrease in the measured parameter (e.g., either reflectivity or transmissivity for reflective or

refractive optics, respectively) and it cannot be known whether the observed degradation is

• the result of the surface contamination or the result of poor optical material performance.

• When contlnination was not a factor (as when examining the samples for stress,

• darkening, or impacts degradation), a working optical component was identified when post-

retrieval measurements were comparable to the pre-flight measurements and when the slight

changes in the post-flight measurements did not degrade the optical element performance.

• 5-7
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Working components are identified in the following sections. There are a number of

components which are not included but which may be acceptable under other conditions than

those experienced in the LDEF orbit. These materials are discussed in Section 5.4. General •

Optical Design Considerations. 0

5.3 PREFERRED OPTICAL COMPONENTS •

5.3.1 Benign Environment

The buried components, particularly optical filters and mirrors, are exposed to the 0
benign environment. Based on the data from the LDEF experimenters, the components listed 0
in Table 5.1 showed little degradation in the minimum exposure environment, therefore, they

are acceptable for the benign environment. Although somc of the components listed were nut

shielded from the environments, they are included for the simple reason that the LDEF data

demonstrate that these components call withstand an even imlore severe sp)ae environment,

thus qualifying them as working components in the benign environment.

5.3.2 Minimum-1ximposure Environtint •

Space optical components which may Ie eXposed to the minimum-exposu1re •

environment include optical windows/substrates, baffles, and the sunshade. In some instances,

optical filters and/or mirrors may fall into this category. To avoid repetition, when filt-rs or

mirrors are expected to be exposed to a minimal level of the space environment, reference to

Table 5.1 will provide the pertincnt information concerning tile appropriate working

components. The optical materials, listed in Table 5. 1, showed little degradation in the

mininmum-exposure environment. 0

5-8 0
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* Table 5.1. Optical Elements Acceptable to Minimum-Exposure Space Environment

L ILMN COMPONENT TEXPEIRIM1ENi
*Fused Silicai/Ag SX5-

* ULET'm/Ag

* AI/LiF/Kinigcn

znlZe/zISfrhF4 oil ZISC

0 ~AgAIl0O Kinigencd Al

Gef/nS/F'hFýG lass A0 138-4

ThF4/Ag oil B 1664 Ofass

Mirrors/
* ~~~~~ReflectorsAgfidaigc

*(Si/A2.1 2o'/Ag/Si MO(X)3-2

* A1 2OVC,,iF

* ~Visible 100 i()lr Mi rrorrfiO,-S i02 oil

*10.6 pin Mirior/Gje-ZnS-IluP, oil 13 1664

Au/Glass A() 138.3

* ~1'b'Ve(IiiSf/nSc on Ge

* Ph'1el/tns oil (C

* '.uinS/('Iiiolic ol 1A K7( 18 andu RGi78(
(H asses ____ A(X50

* (kcSi o) ill Al,(J,

PF'b2 oil ZinSe

F Iilters SiC oil Si

* ZniS/('ryolIlc/Ag oil Fusedl Sili(ca

* 'Vi( j/u()JýSi()Jli 1664t Glass

ih J'ylite/I lused SilIica
* -. A0)147

/nS/ElI F' oil FLi sed Si kýi

* 'H)S/( 'yol itc/Ag onl Fuised Silica

* ______________________ hl',/( 'ryohic/AI//rO. of) Fused S ilica
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Table 5.1. Optical Elements Acceptable to 0
Minimum-Exposure Space Environment (Cont.) 0

ELEMENT COMPONENT EXPERIMENT

Fused Silica

Fused Silica/Solar Rejection

Fused Silica/Ag S0050-2

ULEVM Glass

ULETM Glass/Ag 0
SiO, M(U03-2 0

Fused Silira •

ULETM

B K-7

Soda-Lime-Silica A0172
Windows/Pyx

Subslrales Pyrex

Vycor

Zerodur

Ge 0
Si

S- CdTe

A(X)56
_______AI,O, _ _

Y-Cut Quartz.

Z-('u Qu.uiz

Gc./ZnSfl'hF/Gc l
..... AO0138 -4

ZoS/Ge•

5.3.3 MaximunirExposurv Environment

Space optical componeats which may encounter the maximum-exposure environment

include the same or similar materials to the minimum-expost're environment: windows,

5..I0



• 5.3, Prejerred Optical Components

baffles and the sunshade. As before, in sonie instances optical filters and/or mirrors may also

fall into this category. Within the LDEF data reported to date, all of the

windows/baffles/sunshade materials have been flown on the LDEF trailing edge. Based on

• this position, the materials are viewed as working in the minimum-exposure environment, but

• not necessarily in the maximuni-exposure environment. As such, no materials can be reported

• at this time as being acceptable, working optical materials in the maximum-exposure

• environment. This conclusion will be updated as more LDEF data are reported by the

exl)erimenters.

* This leaves the optical designer in an uncomfortable position if placing optics in the

SmIlaximuni-exposure environment is unavoidable. [xlperimunt M0003 has reported that the

* following optical components survived in this environment: Au on Al, Al on fused silica, and

• bare fased silica. These conmponents have not been mCasur'ed for reflectivity and/or

tan.i'lmissivity. I lowever, based on results of the less-severe, miinimally-exposed environment,

a best-guess suggestionl would be to use bare fused silica as a window, and aluminum on

fused silica, with a fused silica protective overcoat, as a mirror.

* 5.4 GE'NERAl, OPTICAL L)ESIGN CONSIDERATIONS

•

5.4.1 Contamination Control

• Me'ny of the substances on LDII degraded in the environment of AO and solar

• radiation (c:.pcciallly 1.1V). OUtgassing frion heated substances, followed by (po;ssibly UV-

* accelerated) deph''Miti8 on cooler op)ical surfaces was common. Graphite epoxies, which are

9 being considered for oIsC as stnshades, may oultglS.. Preservation of the perf'ormance of

optical surfaces calls for strict control of potential contamination sources.

0 l

i0
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5.3, Prejerred Optical Compjonents

Two potential design approaches are temperature control and material selection.

Temperature control is the maintaining of constant lower temperatures where possible.

Although it is a good design approach to "athernmalize" the optical system, i.e., to design the

system so that its optical performance is unchanged if the entire system changes in

temperature together, it is still a good policy to contain potential temperature excursions. 0

Material selection involves not only the optical components but other spacecraft

materials such as thermal control materials, adhesives, arid optical mounting materials which

can be potential contamination sources. Some of these substances degraded on LDEF and

became contamination sources. Other materials had their thermial-control properties degraded.

These results are summarized in 'Fable 5.2. Even the acceptable items may not withstand the

highest levels of AO. For example, D- 11 1 black thermal-control (TC) paint was crazed and 0
contaminated on the leading edge, with maximum AO flux, but was acceptably unchanged in

the trailing edge position, with minimum AO flux. An interesting occurrence is that black

coatings for baffles seem to age in the space environment and improve the performance of the

baffles.

5,4.2 Micrometeoroid Damage 0

The effects of micrometcoroid and debris dan-mage is discussed in detail in Chapter 6.

Hlere we will discuss the considerations to be given in an optical design.

Miicrometeoroid dlamage causes cratering in optical surfaces; for brittle, crystalline •

materials such as CaF,, the subh;trate can be cleaved. If the CaF2 is used as a window to hold

off significant pressure, it is more likely to burst from the pressure. (When CaF 2 windows

are tested to failure to establish burst statistics, it was shown that their yield stresses get

higher when the window surfaces are polished to a smoother figure.) With COF 2, burst safety

5-12 0



* .5.3, Preferred Optical Components

* factors must account for reductions due to cratering. If cratering leaves high residual stiesses,

thermal cycling following cratering has the potential to expand the region of damage further.

* Table 5.2. Thermal Control Materials, Adhesives, and Optical Mounting Materials

* MATERIAL THAT GENERATED MATERIALS WHICH ARE ACCEPTABLE
CONTAMINANTS OR DEBRIS (FROM DEBRIS/CONTAMINATION POINT

L_ OF VIEW)

Silver Tetlon (Ag/FEP) Ijili ITO.coated Kapton

Aluininized and bare Kapton ____

* Aluminized Mylar

* Black RTV

0 MATIERIALS THAT SHOWFI) LOSS OF MATERIALS WHICH ARE ACCiPTABLE
*THERMAL-CONTROL PROPERTIE.S (FROM TH ERMA L-CONTROL. PROPERTIES

* ______ ______POINT OF VIEW)

*Whiilc TC paint withi TiO,_ Eu,.O,, A1201 . and ZnO Z-93. Y13-71, PCB-Z wihie TC paints
pigments: Cheniglaze A270. SI 3G LO ______

*Black TC paini Clicin'laze Z306 0)-111 black TC paint

[-Black- Anodized Al (bleachied by UJV) Chromnic Acid Anodized AIlum1imIm11
0L

Cratering canl he a Ilocal phenomilenon, especially if the substrates are metals or glassy

* hard miaterials such as fused silica. When the cratering penetrates the coating, it exposes the

underlying layers to the environtment, If that environment includes AO, the AO can attack

underlying layers, expanding out from the cratering site, even though there may be an outer

pro0tective coat6ing. Thus, inl anl environment of inicromneteotoid damiage and AO, fused silica

* over aluminum onl a fused silica substrate is prefer-red to thle same coating with silver

* substituted for the alumninuml.

A major impact of crateritig (and conltamninat ion) is to increase thle scattering at thle

damaged surface. For metal surfaces, this canl appear as a small decrease inl reflectivity. The
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5.4, General Optical Design Considerations "

roughened surface appears to "trap" a small portion of the light, reflecting it among "rough"

regions on the surface until a portion is absorbed.

In general, the scattering surface diffracts the light into directions (spatial frequencies)

which are not desirable. In considering the resolution of an optical system, light from the •

target is scattered (diffracted) from the desired low spatial frequencies into undesired high •

spatial frequencies, typically higher than the (spatial) frequency bandpass of the optical •

system. This transfer of energy from low to high spatial frequency is seen in a lowering of

the peak in the system Modulation Transfer Function (MTF) curve, and can be treated

acceptably as an optical element with its own MTF which limits the total system bandpass.

The scattering surface can scatter light not from the target into the target's image. As

such, it becomes a noise source, which increases in power as the scattering gets worse. •

Typically, this implies an increase in noise from the target's background, with a modest

decrease in signal-to-noise ratio (SNR). However, if the scatterer is illuminated brightly, e.g.,

by direct solar radiation or by an anti-satellite laser blinder, the SNR can undergo a major

decrease. In designing for stray light control (baffles and shrouds), this should be considered,

5.4.3 Ionizing Radiation Damage 0

Optical materials flown on LDEF (lid not show damage due to ionizing radiation.

Because of the low radiation environment to which these comtonerats were exposed due to

the LDEF orbit, care must be exercised in picking components to be used in higher altitude 0
LEO. At these higher altitudes, the radiation environment will become quite severe and could

result in darkening of optical components, such as ULETrN. While no cryogenic experiment

was flown on LDEF, it has been shown that poor control over contamlinants in cryogenic

components will result in darkening due to the radiation environment.

5-14 •



• 5.4, General Optical Design Considerations

* 5.4.4 Atomic Oxygen

While soft materials, such as KRS-5, suffered damage on LDEF, it was due to attack

• by AO. At altitudes above 800 km, AO is no longer considered a major design concern.

* Therefore, for higher-altitude LEO missions, these materials may be suitable f6r use.

5.5 RECOMMENDATIONS FOR ADDITIONAL PROCESSING OF LDEF DATA

* A large number of samples in many experiments have yet to undergo measurements of

* (spectrally-dependent) transmission and reflection. A prioritization of samples for this process

* is recommended, as follows:

0 Physically undamaged, "unchanged" multilayer dielectric coatings.

• Physically undamaged, "unchanged" coatings and substrates.

• Physically undamaged, "contaminated" coatings and substrates which can be
* successjidldy cleaned

- • Other coatings and substrates.

F [or multilayer dielectric coatings, measurements of (spectrally-dependent) reflection is

_ critical to assure no degradation. As shown in the results for experiment S0050-2, certain

surfaces can be cleaned of contaminanms and restored to their pre-flight values (section

4.5.1.4). By prioritizing ongoing experimental assessments this way, a better understanding of

what "worked" will soon be available.

0-1
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* CHAPTER 6
* THE EFFECTS OF MICROMETEOROIDS AND DEBRIS (M&D)

* A general introduction to the mnicroparticle space environment for low Earth orbit

* (LEO) was given in Chapter 3. An in-depth description of the M&D environment, the

* models used, and its effect on optics is given inl Ref. I. This chapter provides a detailed

summary of the material in Ref. 1.

* ~6.1 SPACECRAFT MICROPARTICLE IN'PACT FLUX DEFINITUION

* 6.1.1 Introductionl

0 The micropat-ticle environment enIcountered by a spacecraft in low and medium Earth

orbit (LEFO anid MEO, respectively) is defined by two sources: man-made debris from space

* activity since October 1957, and naturally occurring inicromecteoroids. The two models used

in these compuitations havc redutcedl tile raw data obtained so far into functions that

*characterize the ii-icroparhicle fluxes. These Flux data miust then be triansformied to the

appropriate moving coordinate system of an orbiting satellite, and then integrated over the

requiredI mi ssi on lif'e timle. Pileu to tlie vector addition :-ulcs for impact velocity, thle fronit end

(RZAM direction) of a satellitc will experienice more1" 11-icroparticle impa~xcts than11 thle rear end(

(the TRAIL, end). The model predictions are inl the forni of' nunibýr of cumulative

imipacts/m 2'/year versus a given impactor size distribution (i.e.. for impactors greater than11 or.

0 ~~equal to a given size) and also as functions of the crater sizes -expected versuis impactor rC.

5A computer programi, S1IE.,NV (,Space Environment) models the microileteoroid and

space debris envirollnment cm~countcrcdl by a spacecraft ini anl orbit between 200 and 4%A)00 kmn.

T1he phenonmenology numerically compntedf is provided by B.G. Cour-1),lais (Ref. 2) for

m icronieteoro ids ar'd hy 1). Kessler (Ref'. 3) and RZ.C. Recynolds for space dlebris. The models

* are ouitlinea in NASA SPl-8()13 (Ref. 2), and NASA.-TIM-1I0047 I (Ref. 3) with recent. 1 991).

* 6-1
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data, provided in a recent Phillips Laboratory briefing by Kessler (Ref. 4), respectively. The

predicted results from the program are being compared with the data seen from the

Interplanetary Dust Experiment (IDE), and other cratering and penetration data, from the

LDEF satellite. The following is a brief discussion of the models, and the predictions

obtained, and how these predictions compare with experimental data.

6.1.2 Man-made Debris

The microparticle environment is described in terms of two separate models, one for 5
the man-made debris, and the second one for the naturally occurring micrometeoroids. The

existing Kessler debris model assumes that the particles are all in circular orbits and,

therefore, have a common speed with that of any spacecraft which is also in a circular orbit at

the same altitude. This logic immediately implies that hits can only be in the plane which is

1 parallel to the Earth's surface. Therefore, only the RAM and SIDES can be hit and there will

be no hits on either the SPACE end, the EARTH end, or the TRAIL end. The debris model •

predicts that the numl'er of hits per area, per time are functions of altitude, the 11 year solar

cycle, orbit inclination, paiticle size, and time. A growth model has been assumed which has

two componJents--one comniponen t due to contintued lautnches and a second component due to

fragmentation resulting from explosions and collisions between the various piece; within

orbil. Ai important point to niotc is that for debris alhitldC, s-reater than 700 km there is only

a simple growth factor, Sinlce the influlence of the atniosphcre is negligible, However, as

altitude decreases below 700 km the effeut of the atmosphere becomes increasingly important

and there is a cyclic component to the history which is dLac to the. solar cycle behavior and 0
the consequential atmospheric heating effect.

When bodies collide with each other, or fragment due to explosions, there is a fractal

fragmentation log-log function describing the relative cumulative number of particles against

the size of the particles. Ground based experiments, for example performed by Physical

i
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• 6.1, Spacecraft Microparticle Impact FluLr Definition

* Sciences, Incorporated (Ref. 5), using hypervelocity impact tests, have confirmed that the

general trend for this cumulative dixta as a function of the size of the resulting particles is

• very similar to that seen for the space debris and micrometeoroids, as shown in Figure 6-1.

• In all cases the cumulative particle data tend to scale inversely with the size of the particle to

• some power, where the index tends to be about at least 2.25 for debris and up to about 3.5 for

i nicrometeoroids. For the smaller particles, below 1 micron, the micrometeoroid flux is

* observed to level off.

Knowing the velocity of collision it is possible to calculate the angle of' impact relative

to the normal to the RAM direction, as seen in Figures 6-2 through 6-4. This is given by a

• simple cosine relationship. I laving determined the polar distribution (which is all within the

plane parallel to the Elarth's surface), it is possible to calculate the relative number of hits for

a given surface orientaltion. This is obtained by using the polar diagram and calculating the

local cosine directions of arrival versus the local normal to tile surface. This methodology

reveals that thc relative number of collisions is a maximnum on the RAM surface and

gradually drops towards 0 ;is the sU'rfaii:c is rotated towards the TRAIL end. Figures 6-2

* through 6..4 illustrate these polar distributions. Note how they display "butterfly" shapes, with

* details dependent on the spacecraft orbit inclination. (Clearly indicated is the fact that there is

0 an cxclas ionM angle for i inpact s ncar the RAM vcctor. demonstrating the deartih of direct head.

on collisions.

With regard to the m1ean density ol the debris, the present reconmmendation is that for

* particles smaller than 0.5 cm the mean density be set at 4.0 g/clc'. This is bised on the fact

0 that most of such .small particles consists off Cithcr -A nall alumina particles (e.g., from

Iprol)ellants) or the debris frollm paint and pigments, which are usually compriscd of such

• materials as titan ia and zinc oxide. IFor larger particles greater than 0.5 cm the density is

initially about 2.8 g/cm' (representi n altiminum) but becomes a decreasing factor of the size

of the particloe (i.e., p = 2.8/d"' 4 ). The basic explanation for this is that the particles are not

6.3
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6. 1, Spacecraft Microlparticle Impact Flux Definition

solid bodies but rather portions of structures which, therefore, act as if partially hollow and

pseudo-.porous.

The data given by the Kessler model is one of hits versus impactor diameter.

However, a large amount of the data base, such as seen on LDEF and on other spacecraft

(e.g., Solar Max), is in the form of hits versus crater or perforation diameters. It is, therefore, 0
necessary to relate one to the other. It is well known that for a given size particle the greater

the density and the greater the impact speed the larger will be the size of the crater. To date,

a simple scaling law has been applied to relate the size of the crater to the size of the particle

causing it. This simple rule involves a cube-root law of ratio of density of inloming particle

to the target material and makes use of a two-thirds power law for the collision velocity (i.e., 0
the "energy scaling" rule). See ligure 6-5. The normalizer is based on known terrestrial

Aluminum (Al) into Al impact data. The literature on impact dynamics is full of analytic •

"curve fits" of such cratering (at least 19 equations have been identified). Recent work (Ref.

6) has produced new scaling laws. These new laws will be applied to the analysis of LDEF

in the future, however, the overall changes in interpretation are expected to be small (e.g.,

less than 20 percent). The impacts are a function of the local collision velocity relative to the 0
suiface normal, and the latter depends on the orientation of a given surface. Thus, it follows

that the ratio of crater diameter to particle diameter is also orientation dependent. In l

paitich lit, since thc ili)Ipact speed decreases going from RAM to TRAIL+, the ratio (crater

diameter/particle diameter) also decreases goineg from RAM to T'RAIL. Note that this effect

is in addition to the change in impact flux. Therefore, the cumulative "crater count" is doubly

affected.

6.1.3 Micrometeoroids

For micrometeoroids. it should be noted that the Earth passes through many "tuibes" of"

niicrometeoroid orbits during its annual orbit. These orbits vary from those which are only 0

6-4•
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* 6.1, Spacecraft Microparticle Imnpact Fltx Definition

* slightly more elliptical than the Earth's to those with very large semi-major axes. This gives

possible velocities up to 42 km/s for mnicrometeoroids at the Earth's orbital radius, while the

Earth itself has an orbital speed of approximately 30 km/s. Since some of the

• micronieteoroid orbits are retrograde relative to the Earth (e.g., the Leonids) the potential

• head-on collisional speed can be up to 72 km/s. However, tile vast majority of the

• micrometeoroid orbits are prograde and consequently the lower collisional speed is about 12

* km/s relative to the Earth. The micrometeoroid orbits encore ass a wide range of inclinations

o relative to the Earth's ecliptic plane. The orbital velocity of the spacecraft adds a further

modulation to these values. The average of the collisional speeds for a spacecraft is about 19

• kmi/s (ignoring local angles of arrival to a given surface).

• For short mission times of less than 1 year, it would be necessary to correctly track

exactly which of the micronieteoroid orbits have been intercepted by the Earth, Ilowever, for

a multiyear mission, where collisions occur with a large number of micrometeoroid orbits, the

assumption is that the micrometeoroids are coming in towards the LEarth from all possible

directions and, therefore, the system appears to be geocentric on average.

* "+•Zook(Rcf. 7) has provided data (e.g., NASA SP-80(13) which gives the relative

velocity of the iiiicromcteoroids as scen by a stationary spacecraft not rotating around tile

• Farth and also as seen by a spacecraft with its orbital Sl)Ceel. T'he data basc for these velocity

distributionls haS bCeie prOVided by lrickson (Ref. 8). They are in the formi of weighted

velocities, includlifng the relative number of iimpiacts as a fIunCtion of velocity. lFigure 6-6

illustrates the Ericksonr data showing the geocentric and spacccraft-centered relative velocities.

0 13y inspecting all the possible coihinattions of collisional velocity and angle of arrival

• relative to the spacecraft RAM vector, it is possible to derive a matrix which can be read for

each angle of arrival and given in the form' of weighted nunibers verstus collisional speed.

This allows a polar diagr'am to be estahlished which is three dlimenesional and axially

0
0
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6.1, Spacecraft Miccroparticle inpact Fhiu Definition •

symmetric around the RAM axis. A two-dimensional plot is shown in Figure 6-7. This plot

gives the velocity for the mean number of impacts per kilometers per second. This would be

a truly axially symmetric distribution if the spacecraft orbit was at a very high altitude such

that Earth shielding could be ignored. Hlowever, for lower orbits, the Earth subtends an

exclusion angle such that some particles cannot be seen from the side of the Earth, This

shielding angle has no effect for impacts arriving on the SPACE end of the spacecraft.

Hlowcver, it does influence all the possible impacts on every otier surface, including RAM, 0
SIDE'S, TRAIL, and especially the EARTIt facing side. For sufficiently low altitude, the

EARTH face will suffer 0 impacts, while the RAM, TRAIL, and SIDES will see exactly one

half the free-space values. In free space the RAM will experience the largest number of

impacts, but at LEO the RAM count can be less than that for the SPACE end, Tlhle effect of

Earth shielding is shown ill Figure 6-8.

Unlike the case ofi manmade space debris, the micromCetcoroid flux in LEO (less than

200()0 kin) is assumed to be essentially indelpendent of the altitude since the particles are

expericncing only a (ie-shot transfer through the atmosphere and, therefore, are not in orbit

long eno'igh to be significantly influenced by the atmosphere. Further, the gravitational

focusing effect described in Chapter 2 changes very little for such altitudes (e.g., 10 percent

at 200(0 kiin). l~ikewisc, because of the assunipt ion of the gcocenutic distribution, there is no

correlation with the spacecraft orbital inclination. ti•nlikc the case of' man-made space debris,

NASA presently rccomlmend:; that for the lower orbit iiiicrolmeteoroid distribution the mean

density is about 0.5 g/cin'. This is primurily because most of the microparticles are from

comnetary ices. There are, additionally, some asteroidal sources which can include materials

up to iron and nickel with densities up to 7.8 g/cmn. I lowever, these constitute only a very 0
sniall fraction of, the total number of micronieteoroids seen in LEO. As with the man-made •

space debris, it is necessaly to convert flron crater sizes due to impacts versus the impactor

size itself. Thus, use must be made of the NASA recommended micrometeoroid density in

order to update the ratio of crater size to particle size. This will again be a function of

surface such that on the RAM surface, the overall ratio of cratering versus particle size would 0

6-6
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• be larger than for any other surface. Figure 6-9 displays the crater-to-particle ratio for tie

polar orientations for i ricrometeoroids impacting aluminum.

• With regard to the LDEF orbit, the model presently predicts that the ratio of impacts

• for the SPACE-looking end versus the EARTH-looking end should be about 10.5. Figure 6-8

* shows the relative number of hits per square meter. for the specific case of particle sizes

S greater than 1ipm, as a function of altitude. It can be seen that the SPACE-looking end is

essentially a constant (tile observed slight increase, seen in tile plot, is merely (fue to rounding

errors inl tile computer rolitine which has not been optimized) while the RAM and SIDES start

• with noticeably lower impact numbiers which gradually increase as the altitude increases.

• Ultimately, for very high altitudes the RAM surface will contain the largest number of hits.

Also seen from the diagram is the fact that the l.ARTll -facing surface receives tile minimum

• lltnumber of hits which reduce to 0 as the altitude collapses to 0.

6.1.4 Impact Effects

* Regarding the effect of impacts on a body, for thick ductile targets relative to inmpactor

0 sizes, craters will c ftornmed. 'l'hcse craters have lips varying from plastic flow to molten

splatter. C'onverse ly. for foil targets much thinnicr than the particle diameter, perforations

oCccur where the hole size is only slightly larger than tlhe particle size. I lowever, secondary

danaage can occur' due to the ptullched-out section and the re mnants of the incoming particle.

* [For high velocity impacts both the imrnpactor and portions of tile target are vaporized. For

lower velocities the impactor and target or foil remnants remain mlolteln or solid and

• secondary danmgc is possible due to ricochecs alnd/or i ilipacts with material behind foils. A

problem of conclern is brittle matelials, such as AC) protection layers (usually oxiides), glasses

alnd ceramics. Inl addition to craters there are trequently observed coitchoidal SUrtace spalls

around the crater and star cracks moving radially away from the crater. T his situation is

similar to the well-known stone pclnctraIti ng a glass window. Also, when dealing with layered

-O-



6.1/, SI)aceecraft Airlwmoparnc/c Inipact Fl1Lt' DtfinitionS

targets with relatively weak adhiesion between layers and quite significant differences in S
acoustic impedances of materials, it is common to observe delaminations inl thle neighborhood

of the crater. ()thcr synerlgieS occurI, such as interaction with UV. AO and thermal cycling.

For examiple, plastics (e.g., Kapton, Mylar, Teflon) tend to embrittle under UV exposure, and

thc combined effects of impacts, AO and thermal cycling, can reduce themlC11 con~trol paints

to fine dust, thereby posing a contamination hazard.

0

0
tenlds to give a ratio of crater size to part~icle siz~e with a mean value of about 5. However,
for local spal Is thle ratio of spall radius to particle radius is about 20. When brittle target star
cracks are formed, the star crack patterni itself' ha~s been observed to extend outward for up to

almost 10(0 times the original size of thle particle, dependent onl materials and impact velocity. 0
Tlhese effects May have Serious reperIcussionIs for thle responses of' optics Which use brIittle 0

materials, particularly for the case of' larger Ihigh velocity p)articles, Th'le nia~lor polemOlld1 is one

of' "sand-blasting' of' Surf'aces by small particles. Tlhe Il mcli lar-ger imlpaIctors have alln

exceedingly low probability of' collision (except f"or very large area spacecraft, such as Space

S tat ion I lreedOin) but Canl prIoduce catastrophic events by rulptur-ing p~ressure vessels, etc.

T[he "sanld blastinig" can remove A0 coatings, which worsens the synergistic A(0 0

cr()Sil Oi on Uateia IS, 11nd canl Upset olties, issoc iated telescope baffles, solar cells, star 0
0

trackers, and theim a I radiator Surfaces. I'xist intg dlata onl space f'lown ductile metallic min rinis
(RCf. 9) Such as aL unIiIn urn1, Steel or. a Iunili nurnl-coated steel, have indicated that there is Only a
relatively smaIll chanige Inl actuLal reflectivity (e.g., less than I percent, determ1i ned by on -board 0

ileastirenlnclts of absorpt iv ity and cmikssiv ity I even fi'o grecater than 20 year Ii fetililes. 0
I lowevrct, this represents data si nec I1970. and the mnan-m a de debris hias beeni escalatin iig ore

rapid ly inl thle recent past. 0
0
0

Unftortunately, there is, to (late. limiiiited existing data onl any cor'respond ing In creases inl
the BRDF (units of sr') scattering. For optics Which mnerely col lcct light these data Suggest 0

0
0

O-S 0
0
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O minimal effects but for imaging optics, increases in associated scatter may be very important.

F~urther. it' AO-susceptible reflectors (egsilver) are employed it is necessary to usc an AO

* overcoat. The ability of impactors to penetrate the AO layer implies serious potential

* problems. For example, an AO layer of thickness 400 A call be penetrated by a particle of

* only 200 A diameter, and the flux for such small particles is very high (but also very

* uncertain for these sizes). Thus, the silver layer could rapidly become suiiiject to AO attack,

* particuilarly since the brittle AO layer will suiffer from large star-cracks.

* ~~6.1.5 Priedictionis and LD)E;'F C'omparisons

* ~Using the models described above predictions (Ref. 10) have been done for the Ll)EF

*satellite. Some selected resuilts aire shown inl Figures 6 10 to 06 13. Ini general, it can be seen

that the. existing models fit the expecrimental data within a ftactor of' about 2 to 3. Note that

the true LI)LF RAM surf~ace Was a1ccidentially set at 8,) to tile intended orienltationl (toward thle

NORTHl ). This effect has been incltuded by giving quotes at: 352, 322, 292 . d...(egrees,

*etc., rather than at 0, 30, 60 .... etc., for the 1 2 faces ar-ound thle body.

Thflese data arc based pri man 1-ly onl Crater Cotints. especially inl thle alum linuni sttrlcturIe

o ~Of' LDE)1 (0loger01nS an1d itite I costlS). It is observed that for the sm al lest particles thle Crater

cutasymptotes, whereas thle Kcssler debris model piedicts a steady increase with decreasing

particle siz~e, This effect may be (tlue to the anodized coating onl the 1alumi nluinl. This aluminla

coaling is both totigher and of' higher ((IclSis ty than thle mletal. Consequently. thle Craters will

*be smiallecr thanl inl thle metal and mlay artificially caulse thle roil-off. Other data, available from

* ~~thle Interplanetary DI.uSt F x pen aiaelt (11E)1 oil on 111 1 also priov ide i nformaition for the( sn ial lei

particles. These data indlicate at higher flax thani thle altiami a tlin c'iater- coun1t. It shouIld also be

noted that thle IDF (htia are fbr mean fl ux rates, whereas the actual time dependlen t I 1W data

show dynamliic Variations inl fIIX a-C x rats zan: ig from11 0 to 100(1 timeIs the mean11 flax ra1te. [he

* I llI' data also indicate that thle mlanly orbital pariticles are ill eIllptic~al orbits (againa not

0i-
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predicted in the models) and that these particles are in clouds, thus causing the dynamic flux

rate variations.

6.1.t, Caveats on the Microparticle Models

Many caveats should be applied to the existing models which define the rnicroparticle

space flu- environment. The present assumption that all debris orbits are purely circular

automatically forbids any collision on either the SPACE-end or the EARTH-end. In reality,

many orbits must he slightly elliptical (due to random collisions and explosions) while others

a'e strongly elliptical (due to rocket exhaust products and explosions in Htohmann transfer •

orbits) and, therefore, there will be a contribution to both SPACE-end and EARTH-end, and

additional hits on the TRAILP

For random debris orbits the self-collision rate per volume pcr time (causing yet More

fra:.ri' ntatioi) is proportional to the square of the partide density per volume, to the mean

,-sectional collisional area, and the mean collision specd. Thus, the small particle

pk., .dation should increase rapidly vetstis that for the larger sizes. Kessler is fully aware of

the 1iupl icat ions and indicates that bcyowd a critical particle density (per volume) a "runaway"

u'ltion occtUIrs. with self--col lisions causing the population 1o grow even without further 0
space lauijcihes. Ihdced, Kessler suggests that this situation may have already occurred for the

d,':ris at altiiu(,-., of about 1000 and 15i00 kim. where air drag effects are negligible.

With r'e,-rd to the natural environment of microme.teoroids, the biggest caveat

co:nceins the sugge-,cn that tl,he particles are apparently geocentric. In reality, th-: - will only

be approximately trtw', for long lived missions; parficularly those that include a large number

of sate,,,C orbits together with a large number of precessions of tile spacecraft orbital plane.

iFurthennore, it should he noted that in attempting to cotTelate the observations on LDEF

6-10(,-l()
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* 6.1i, Spacecraqft ?vicropar-tile Imp~act Flux Definitioln

versus the model predictions for tile environment, the aniswers are sensitive to assumptions

Willh regard to crater sizes versus particle sizes.

* Examination of thle LDEF data reveals an interesting bias inl the impact flux (Ref. 11):

* tile peak flux is NOT) symmietrically distributed about thle RAM direction in the plane parallcl

* to the Eairth's surface (i.e., the two SID)ES are not equal as expected). T]his eff'ect c:annlot be

readily explained for man-made debris since thle interception Of a cir-cular spacecraft orbit

Withi a circular dlebris orbit must necessarily involve two collisions per orbit (except for the

rare condition of "kissing" orbits at apogee, or perigee). Theise two states give symmetry

* about the RAM axis, thereby causing the RAM direction to experience thle greatest number of'

* hlits.

O One problable explanation lies Willh the micrometeoroids. Inl reality each intercepjtion

of a mici-ometeoroid orbit ''tube'' with thle Earthi always results inl thle flux being "'one-sided'

With respect to the Earth's orbit. Elither thle fluIx is "inward bound'' towards thle Sun, or- it is

" outward bounid' [rmii the sun. Further, the flux appears to be mionod irectional at the instant

* Of' interception. 'Thus, thle tr-ue "I arth-shielding'' is really simple ecliptic geomletric shadowing

*~f'or LE"O (i.e., NOTl the subtendced solid angle of' the Fart'i seen by the spacecraft). Thus. a

* spacecraft inl 1.1 ()Could be SII iC ICd 1fr0om theC pr't iClcs for' a MOSt aI conIplete half11 Orbit if thle

lplanle of its orbit is close to that of' the orbtit of the tilcrot eteoroids. T[he result can be a bias

such that One "hal f" of thle spacecraft ex per'iences the imipacts While thle othert half' sees iione.

* ~The ''af'will iniclude surftuccý. raniging from the RAM through SPACE round to the TIRA IL

*Withi onle S lL)E receiving n 11e ipacts thian thec correspondin-g other SID)E. and the exact

* ~sturfaces involved will depend onl the local p~lane of t he spacecraft oi'bit relative to that of the

nlici'ometeoi'oid s. Note that the 11)1' inclination of' 28S)~ together with the EFarth's axial tilt

of' 23 .5' mecant that, withi orbita! precession, the p lane of I .fEF' s orbit oscilIlatedf between 50

aind 52' rclar ive to the ecliptic, Tlil -rc were about 38 complete orbital preccessions dur'ing

I)L[ 's li f'til me ( pr-cecsionl i'ae of about 6.5"~ per' day) and about 32 ,000 complete or'bi ts.

6-1
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6.I, Spacecraft Mic'opaticle Impact Fltu" Definition 0

Elliptical debris orbits can also sometimes introduce impact asymmetries, especially

for orbit planes which are at large angles to the target satellite orbit plane, where it is possible

to have only one intersection point between the orbits.

6.1.7 Elliptical Orbits 0

Efforts have begun looking at ways to update the Kessler model for debris to allow for

inclusion of noncircular debris orbits. LDEII data demonstrates that such orbits exist since

several impacts of debris have been unambigu1ously identified on tile TRAIL, surface (at least

15 percent of the total crater count). Kessler's (Refs. 12 and 13) preliminary analyses suggest

that the most probable source of this debris are orbits from 1 lohmann transfers out to GEO 0
and with small inclinations (i.e., less than 300). Currently the impact options for an assumed 0
group of debris orbits with small inclinations and with apogee at ()EO and various perigee

values dotwn to 200 km are being alalyzed. The various impact optiOn:S On the II)E'F satellite

have been idcentificd, and the analyses confirm that the major effect is to give TRAIL, impacts,

but also with a small contribution to the SPA(CE, and EARTI Isurftaces, and a larger

contribution to the SII,)F,S.

The purposc of this analysis is to allow assessment of the effects of elliptical debris

orbits on any other satellite orbit, since the present Kessler analysis OCS ntIM allow such facts

to be determined. In particular, if the satellite were in a retrograde orbit (e.g.. launched out

of Vandenberg to the north-west), then the elliptical orbit debris would add to the RAM•

impacts, which would bt at very high colisian speed. Such facts need quantifying.

Figures 6-14 through 6-18 give the impact conditions for LI)'F-. Figure 6-14 shows -

tthe coordinate system used. The RAiNI-TRIAII. ax;is is Y, the SIDE'-SIID)l axis is X, while the

SPACE'-EARTII axis is Z. Figure 6-15 shows the absolute imi pact speeds. The minimum • --

corresponds to the case of the elliptical debris orbit which just "kisses" the [,IDE: orbit (i.e.,

0-12 0
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* 6.1, Spacecraft Microparticle Impact Flux Definition

* has a perigee equal to LDEF's orbit radius). The parabola indicates the hits for all other

* perigees down to 200 kim. Figures 6-16 through 6-18 illustrate the components of the impact

velocity which are along the nomial to the TRAIL, SPACE/EARTH, and SIDES surfaces,

respectively. Symmetry causes the two STI)E conditions to be identical. Likewise, the

SPACE and EARTH conditions are equal.

* The calculations indicate that for LDEF the absolute impact speeds were up to

* 5.0 kin/s, while the nornal components of impact velocity were up to about 1.8 km/s on the

i • TRAIL surface. The SPACE/EARTH surfaces involved only small velocities (0.3 kmi/s) and

the SIDE surfaces involved velocities tip to 4.7 klm/s. These numbers are consistent with

recent quotes from Kessler (Fred IlIrz, NASA JSC, private communication).

• [igures 6..19 through 6-22 show the corresponding results for a satellite in a different

* orbit, namely an altitude of 1600 km and inclination of 600. Note that these calculations give

* somewhat largtr impact velocities (up to 8.5 km/s absolute). The implication is that such

other satellite orbits will also suffer from debris impact damage on the TRAIL, SIDES, and

SPACE and EART'•I surfaces, but also onl the RAM surface. One importance of these

* elliptical debris orbits is that they cause impacts on the EARTII surface. Such hits cannot

• occur with the "standard" Kessler circular debris orbit model. Thus, ordinarily only

* •micrometeoroids can hit this surt'ice (causing only a simall increase in scatter due to the

*• Earth-shielding effect). The elliptical debris orbits intersect the circular target orbits at small

0 angles, nan.ely up to 10.60 from the SiPACE/EARTII surface plane for the 11EIhF altitude, and

Lup to 22.60 for an altitude of 1600 kil. Taking into account the vectors for velocities, this

results in impacts on the SPACE/EARTII surfaces which are at 50.2' from the surface normal

• for the LDEF altitude, and at 21.60 from the surface normal for the 1600 km altitude. Thus,

* high-inclination, high-altitude orbits arc Most susceptible.

* 6-13
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Note that the reference to "maximum angle of hits in circular orbit" is the included 0

angle of the circular orbit of the target satellite where hits due to debris in elliptical orbits can

occur. 0

Elliptical orbit analysis is continuing in order to re-estimate the possible concerns for 0

EARTH!l-looking optics, which aw frcquently employed and ordinarily considered relatively 0
"safe from impacts. The actual data from ..DEF has not yet been scrutinized in detail (e.g., •

via chermical analysis) for the EARTIH surface, so no Lolniments can yet be made concerning 0

debris imlacts on this surface. •

0
0

6.2 ANALYSIS 01F CRAI'iEI I,1,'"C'l"'S ON OPTICS •

Impacts oi optics can cause simple pseudo-hemispherical craters (for ductile metals), .

or craters surroundcd by conchoidal front.-sufacce spalls and sometimes radial "star" cracks

(brittle glasses and ceranmics). For multilayer packages the impacts can also induce

delamination of the various layers. Note that real craters are rarely heim ispherical, and the •

ratio of depth to dianliewctti.uaIlly lies in the range of' 0.3 to 0.7. New hypervelocity impact

scaling laws take these fact Mos ito aceCnun. I.

6.2.1 Fractional Area Damage 0
0

The manly calculations "W.iye predictions of cumulative impacts per area of surface

versus particle size and crater size, for* a 'nllnge of altii de ., orbit inclinations, and satellite

surface orientations. T'o esti mate tile fractionalt danage areas, the ut mnolativc impacet-v•vit;

size function is 1'irst differentiated, then the fItnCtinn is in,' tiplied by til i cOrreslJ)Oml in e a'Ieas0

, the criaters, and finally reintegrated.

6-14
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S6.21, Analysis of Crater- Eft&-ts onl Optics

For example, if the cumulative number (CN) = A / D"' hits per area for particles

greater than diameter D), with A a constant, and n the power index, then it canl be shown that

tile corresp~onding fractional area damiage is, given by:

* ~Fractional area = (nt / 4) x k' x 01 /An 2)) x A / U"~

*where k is the ratio of the crater diameter to thle imlpactOr diameter. For thle case oif smnall debris

*(less than I cm), n has tile Value of 2.5. The above equation canl theni be- rewritten:

F'ractional area = (nt / 4) x k x 5 x CN(D1 W11) x 1)1111

* The value dlependIs Onil\ DSince n1 is greater than 2. To consider a specific caso, we calculate

*thle fractional area of' erosioni for thle RAM surlface for' thle cUse of' an altitude of' I000 kill and

inc lination of' 00". The existing models predict that such an or'bit is one of thle worst in terms

of combined microinctcoroidl ,altI (lebri.s jimpact.s. l~or thlis case k -- 7.0. Assuming that craters

of, size dlown to about I pill are important (th is is comparab'le to operat inrg wavelengths, and thle

thicknesses Of qluarter-wave dielectric OjptiCal laYer-s' v.e obtainl.

* Fractiona~l area -7.3 x 10 (, i.e., ah)on t 0. 1I pIeret.

This is a signlif icanlt amlount of' er osionl anld Cat1 be eXpecteCd to 1)1 odIrCO sTigntiCant Opl~tCal scatter,

as discussed below. Note, however, that thle IDElF~ data have indicated that the Kessler model

is tending to overpredict the dibrls popu lationi at thle smaller sizes. Consequently. the above

* estimate is probably too large, by perhaps a factor of' three (thle en or would he much larger if'

*anl attemllpt was mlade to include SUb)MICr-onl(CI debislrliiceSY H.Iowever, the above CalCUlatio!) is

* ~~only for man- made debI r~is, and the ilicroimneteor-oids will atlso Contribute, though to a1 smnalIer

degree. Further, the above calculationl ap~plieS 01nly to simlple cr-,AterInI. It' thle Cdamage zonle

0 ~ ~ MiUCICuds surface spal Iinrg and/or radial cracks thle effective area ii crecases rap idly. L)Fitself'

0-1
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indicated arcai erosions of about 1 percent onl the therrmal control imaterials facing into thle RAM.

6.2.2 Optical BRIW Scaitter Calculations

The anticipated effects of impanct dalmage onl Optics include: (a) a reduction ill reflectivity

(for mirrors), (b) a reductionl ill transmission (for lenses and/or windows), and (c) anl increase inl

optical scatter (for both mirrors and lenses/windows). Experiments by Mirtich (Ref. 9~), whereby

metallic mirrors were imlpacted by small particles, demionstrated that reflectivity graldually

decreased as the total surface impaict energy density increased] (i.e., ergs/cm 2 of the pariticle

kinetic energy). Since thle crater surfaces remain reflective, the decrease inl reflectivity is

lprobably rekited to the surfazce roughening which gradually produces the equivalent effe~ct of'

producing a "light, trapping" baftle-I ike surf~ace, H owever, calculations of' the con-espolnding

energy flux expe cted for thle niicrometeoroids and space debris for even 10 year missions in LEO

suggest this effect to be small. Reports by M irtich of' data froml Spalce flown umiri-1ors with

missions upl to 20 yewmrs (egthe SFURl' and OS() satellites) indicate very smnall reduictions inl

reflectivity (less thanl I pericen1t) in aigreement with thle predicfions. (Note that these mirror s aret

11011reCoVerCdl: thle lati aIre Vial telemetry and( conlsist Of co ~iSiOssIonbSU~jptionl in -Situ

illca SLr('lennt.S). 1HuLS, changes in Ill c IH iv ity (r tran11smlissionl) arC ex pected to 1-H TnleI

maolo lproblemu is i ncieIsc s ill optical scatter.

Optical smcatr produces three. effects;- I1) a reduction inl light thrIou~ghpult, (2) a reduc tion
inlesl ution101, and (3) a1 rednet ionl inl sigiia to Inoise (tile to background "light- up'. This ca,;n occ ui

ei thei (file to light fr-om brighit so urces (other t hanl the requ ired ta~rget) with in the field of' view,

o1r canl occurl for brightI sonrces niomnailz y onilidc of thle field of' view iIt the lighit is rediirecctedi

into thle optical trai in patiil. OF these three effects i tem 3 is uIsua;lly thle one of greatest conicern.

6-16
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6.2.2.1 Equivalent Contaminiation Approach

* The computations to date indicate the cumulative hit .ite (per square meter) for anl

* assumed mission time of 6 years, starting in 1996, and show hits versus impactor diameters for

* differing spacecraft surface orientations. These data are now augmented with information versus

* crater sizes. From tile latter it is possible to establish first-order estimates of increases in optical

O ~scatter. This is done by determining the equidvalent ''contamination level'' its dlefined in M IL-STI)

1240A. YOunIg (Ref. 14) has already perf ormed1 both experiments andl computations (Using Mie

* optical scatter theory) to derive increases in I3RDF as fun~ctionIs of contamination levels For small

* particles onl mirror surfaces. Thus, by finding the 'equivalent" conditions (assumiing craters

* scatter in a simiilar manner to spheres onl a mirror) it is possible to dlerive (lhe BRD)1as functions

* of' wavelength and cratering toi anly chosen spacecraft' surf ace.

Figure 6 23 illustrates the M IL--S'I'I 1240A data p)lotted onl thle same scales as Used for

thle Cumulative impacts (per area) versus crater sizes. Note that each 'level" plot curves over its

* the size dlecreases (rather like the behavior for mieironieteoroids), and that this tendency to

asymptote is most olbvious for the lower "'levels''. [or reference. note that the mecaning of' level''

*is that thle distribution is one for Which there is onle parIticle P)CI' s(lar-c foot of'SUrface area (eqjual

0to 10.76 Per- ill) of size 'level'' microns dIiameiter (e.g., ''200'' m~eanls there. is onIe particle/f~t2 of,

o diameter 200 pmi). The data froil [igare 6-2.3 ar'e compared to each of' the inipact-verstis-crater

plots, andl a meanl estimate of equivalenlt Contaminant level is obtai nef. Clearly, since the two

gr'oups of data (do not have the samne power inidex, there is no0 unlique soIlution. I lowever, optical

* scatter will be- dominated by the larger Craters, and So the ''best'' definlitionl of equLivalenlt ''level''

is found by matching thle data at tlie larger sizes.

O As an example, consider' the data foir thle RAM for :ý.i altitude of' 1(000 kml and inclinationl

of 600. T1he predictions for debris give about 1(0.76 inlpacts/nV for craters of' dianicter abou~t 0.1

cinmo(00 pin), while for inicronieteoi'oids thle corresponding size is about 0.06 cmn (600) pmi).

* Thus, the equ~ivalenlt MIL.-STD levels arc about " 1000" and "600'', respectively. H-owever, the

* 6-17



6.2, Analysis oj'Crater Effects on1 Optics0

predictions for cratcring 'slew" across the MIL-STD Plots, suIch that for craters of size 10 pin

the corresponding "levels" are about "400" and "100", respectively. Reference to the work of

Young allows peak BRIDh (units of sr' ) values (ntear 0" off specular) to he estimated. For a

working wavelength of 5 pil thecse are:

F0o' debris:0

IIRDF (sr ') =~ 10 ("level'' 1000) to 0. 10 ("'level'" 400)

For niicrorneteoroids:0

BRIDl (sr 1) - 0.78 ('"lcvel"' 000) to 1.0 x 10 ' ("level'" 1 00)

F or the I .AR'1' I directtion. however., the corresponding crater size is about 250) pml (level "250'')

with a slew to level ''50'' for 10 p in Craters, and applies only to micronieteoroids (since Kessler's

Iradc I dtoes nlot all( w impiacts onl the I ia Ii-facing surfaice), At 5 pm wavelength the

correspond inII, scatter. is:

BRDF) (>). X x M) I ''lvel'' 250) to 3.1I x 1(0" (''level'' 50)

C learly, the RAM~ snrface suffers fr-om fIrm more scatter than does the, PAR'!'l surfaice,

Scruinffy of Yoluri,ý dlam reveals that his results Canl be approximately fitted bly:

BRl)1= 2.5 x 10 '' x (leveK I X
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* 6.2. Analysis of Crater Effects on Optics

for near-specular scatter, with the wavelength (k) in microns. Note tile rapid escalation in the

scatter as the "level" increases.

* 6.2.2.2 Alternative Analytic Approach

o An alternative approach to estimatinig the scatter is as follows. The fundamnental

relationship for scatter from craters (assumed the same as fr'om spheres) is:

S1RIMl: = 7t2 x I)' x N / 16?.

0 where 1) is the crater diameter, N is the number of craters petr uiitit area, and X is the opertati ug

* wavelength. By first di'ferentiating the function describing the cumulative impact rate (per area),

muhItip)lyi ng by D), and rc-integrating, we obtain the B, RI) for the overall distribution.

* Since both the inicrometeoroid and debris cumulative imipacts obey the f'onil, cumulative

• number I= )", the result is:

SBRD - i:t2 x (ni/(i-n)) x k" x ('Nx1  x I),, / 16?X Z

where n is the power inlde, describing the cumuhltive number ot impacts versus particle size (in

* the neighborhood Of tilhe value of 1,,'), k is tile ratio of crater diameter to particle diameter (1)),

* CN is the plredicted cumulative hit rate, and X. is the wavelength.

0 The above equation involves thi quantity 1),,,i, which is the largest particle diameter to

be used in the calculation. Tlo determine the latter, the following logic is applied: if there is less

than one (1) impact on the given optic, then there is no longer a meaningful definition of N. the

areal impact density. Thus, knowing the area of tile optic, the corresponding hits per square

* 6-19
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6.2, Analysis of Crater Effeats on Optics

meter are computed. Referring to the predicted cumulative impact data versus particle size. the

value of D,,. A is determined.

As an example, consider an optic of area 100 cm2. For one crater, there is al areal

density of 100 per m 2 (or 0.0(1 per cm2 ), thus, this defines CN),,,,,1 . For debris, n = 2.5 and k -

7.0 (for the RAM surface). Reference to the particle plots of impacts on the RAM surface for

the 1000 kin, 600" orbit, gives the value D,7, 0 = 70 pm for dl''ris. For micrometeoroids, n = 3.0

and k m- 3.8, leading to 1),, = 70 piml also.

Substituting into the equation for scatter (at 5 pm wavelength), we obtain: 5

For debris: •

BRII, " 0.24

IFor n ficronletcorlids: 5

lBRi) - 0.037 •

iFor the i-ARTII looking surface, we htavc n 2.7, k .3,25 and [ 25 pm. and only

II icrot nteoroids apply. Thius, we obtain (fIor 5 ými wavelength):

BRI)F = 2.2 x 10( 4

Thus, once more, the scatter for tile RANI sl rface is much greater than for the I-ARTI I sur face.

Although none ot the a hove quotes for scatter canll e Conisidered precise. it is seeni that
both approaches yield siml tar values (especially if the larger "level" quotes are used), and both

6
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• 6.2, Analysis o" Crater Effects on Optics

calculational methods suggest the scatter for the RAM surface is enormous compared to that for

the EARTH looking surface.

* 6.2.2.3 Mie Scatter Calculations

• The niost accurate prOcCdure for calculating optical scatter is to use the Mic scatter theory.

Mie scatter logic has been incorporated recently into the SPFNV environmental code to

Sauttomatically integrate over the ilipactor/crater size distributions. The detailed analysis makes

• use of studies done by I owell I)avid Lanmb (Ref. 15) at the I Iniversity of Arizona. whose Ph.).

* thesis concerns IR scattering for small particles on substrates. 'Thw Mic calculations incorporate

• the optical constants for the iMatCrial and, thus. call handle both highly reflective and poorly

o reflective conditions. The results of, the calculations give values of H RI)I versus off.sipeculai r

angle, with peak BRDk ; values close to those estimated by the earlier methods tfur1 highly

reflective surfaces. The BR1)I: data can be integrated over the 27t solid angle to give the

* correspondingig toctal integrated scatter ('[IS).

* 6.2.2.4 lotal hitergn'aled Scalter vrIsus "RI"F

The Mic scatfe (Lata of Young gives HR1)F as a function of off-specular ang1lc.

* Inspection of these data revcals that the BRII, [rapidly d(fercases over the range of' 0 to 1()", and

then ftO.lows a pseuLdo-C xponntial law t'or larager angles. To a reasonable approxilmatiou, the datla

* for large angles (> 20)1 are given by:

0 BR)F - 5.4 x l()1' x (level)' x exp:-8.91 x 1(0 x degrees) / X-

1By integrating Young's data for BRDF versus off-specular angle over a 27t solid angle, the TI1

* can be obtained. A simple graphical integration gives:

* 6-21
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0.2, Analysis qf Crater Lfiecls on Optics0

T1S =-2.2 x10-2 x IIRDF(00), or '1IS =5,5 x 10" x (level)" / X'

Willh X in microns. Note that for I3RDF (00) > 43.5, this implies that thle total scutter is greater

than the hinput, which is obviously nonsense. The conclusion is that for the larger degrees of

scatter, the BRDF ver-sus anlgle data Must chanIge its form, versus thle lower cases (Young only

prIesenltedI data for Colltani1 ination levels of 500 and below). Indeed, Mic scatter calculations show

that as thle craters (or particles) become larger, the scatter becomnes ever-more forward scattered

into small anlgles. Thus, thle small-angle peak BRDF values increase faster than the "wings" of

large angike scatter. (Consequently, the 'IIS slowly asymptotes toward(s unity for very bad scatter,

While the peak 13RDlF continuLously increases. 'Thus, extrapolation of Young's data becomes

suIspect I'or large degreeCs of scatter. C'learly. thle estimates of scatter for the RAM surface, quIoted

above, are With in this un ccrtai n region. F igures 6-24 and 0-25 illustrate the relationship between

'1IS and peak. H RI ) for both modlerate and large cases of scatter, as obtained from Mie-S PE'NV0

code for space impacts. TI' i's linear Wilit BRI), fl'o thle Moderate case, but is nonl inear for

large 'ýcauler. Tlhe proport ional ity is alm ost ilionitical to that dleduced from the data of Young (i.e.,

'[IS Z:= 2.1 x 10' x peak H1RI )) lor' thie small scatter case.

All of the ab~ove pres upposes that thle optic behaves as if a metallic m1i tt-o1' witli simple0

hemispherical crater~s. III reality, mantiy miirrors (or lenses) are m ade of dielectrics and cemlploy

mauItiple thinl layers (q tiattet wave opt ical phasing log ic). Tlhese materials are usually brittle.0

Uiponl hyperveh o I y i mpact . thle dailage Con sists of iit'regu I ar craters Withi conchoidal surf'aces.

Surrou a11(idc by star-cracks Wh ich cani extenld III) to aIbout 100 ti ICtS fihe siZe Of the limpactinge

particle. To assess the optical scatter f'or these conditions it will be necessary to invoke thle

theory of' dielectric aced les as (lone by Van (Ie I lul st (Ref. 106). Present analysis indicates that0

the cracks i-cimresent only aI smallI total area compar'ed to tile craters and sur'taco spal Is. F~urthier,

narr1ow cracks are itneftic ient scattering sites. I lence thle pre-l ili laary cord uLSiOnl is that theC craters0

andl sur'face Spal Is dominate tile optical scatter.
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0 6.2.2.5 Geneiral Comments on Scattering lPredictioiis/Meusurements

0 Thus far, all the analyses have presupposed that pseudo-hemispherical craters inl anl optical

* surf'ace scatter light inl a similar manner to that for spherical particles onl thle surface, While Mic

* scatter theory is exact totr Spherical par11ticles it is \,Cr~y (lifficult to apply tot neanspherical particles.

0 ~~because of' the lack of' Symmetry .;I) tltw boundary Conditions. Specifically, thle issue of'

0 11~~equivalence" between craters and ])articles has nlot [weln dell ollstritted and presently remlails it

0 first -order. assulttitionl. I lowc vet, it is p~robably it reasonable assutmpt ion. Measurements of'

0 op~t claI scatter arc notorious f'or their lack ol' Consistency. Measuten ilei Its made using indepenident

0 11W ) or 118 instruments rareI-ly obtitil identical resuiltS for1 a ivenCI Sample)I tUaSUrentet, 31nd thle

* disavgreemenints canl ranlge fi-ont i nlor to si gnit iicamt TIhese van atioti call be a consequence of'

OD di fferences inl tile eqtimi pn tit op1ticall beat ii d I'll I leters , differinig detector size's, beam power

0 f'luctuiationls, detector W.etsitivi ty. Cet. Since evenl measure-ments of, Scatter canl be inconsistent.

0it i's M ost uti likely that [-)lvit'oll o(f0"5I scatter citm v ver be cotnsidetred very accurate. Rather. all

0such pt'e fictionis Should he Viewed as Indicat ing l)t'obablth trenads.

0 TItie jR'fictiobus of, Scat ter fr-oml craters are itt addition ito any other scattetr mtechatni sm,

0 whether dute to actual Conl 11am1 Inationl 0i1 thle S Lrf ace orl due1 to surf-lace mri ophology (e.g., runls

0roughniess). Siuflace roughidlessatI~ld/0r s111a1i patticle (' itiatitiit1t ioll usually Jgives widc large- ang le

0 %wings" to the B~RI ) data. whereas th1c largeri'. fwer. Ctatetrs Wind to Scatter mtostly into Snmaller'

0atngles Clowe to speettlat' rdcf'ctian. Furthter, although1 Statidard optical scarlt'r theory assutmes that

0l BR1.) is I nvetrsely piop~ortjona i to the oper.1at aial IWavelength squLared. It is known that sonmc

Sutaterials do tnot dispflay this behavior, with beryllium miirrors anl example (the( observed
0 ~~large- angle Scat ter reduces tItitch sloe ItanC e1.1 xpectled aS thle wavelength~ ilaCt'ases due to a

0cot l)ler, poorly und~erstoodl, in tetact ion of' tilie an isottohli crystal sutlaIce iluot'fhology and tile

0

1 aStl y, it shIould bC enIpha1~si ted that the( I)t'CSCtlt SCUMt j pelied1tionls do 1iot aCCurIately

* hatidle th'z: case of* ciateti u itl t liina- i.,ler coated optics. Tlhe assumption at pr1esetit is that for-

0 0-23
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6.2, Analysis of Crater Effects on Optics 0

craters much deeper than the layer stack thickness only the substrate properties should be

included to predict scatter. This approach is incorrect for the many smaller craters with depths

comparable to the stack thicknesses.

6.2.3 Parametric Scatter Calculations •

A parametric series of peak BRDF optical scatter predictions have been done for a series 0
of orbits ranging from 400 km to 2000 km altitude and with inclinations of 0, 30, and 60'. For

all these cases the mission time periods are 1996 to 2002, and the assumed operational

wavelength is 5.0 pm (BRDF varies with the inverse square of the wavelength), and the optic is

assumed to have an area of 100 cm'. In addition, BRDF has been computed for the specific case .

of LDEF. Figure 6-26 shows the results for LDEF. The data are given for the micrometeoroids 0
and debris independently and are plotted as a function of the angular position from RAM (00) 0
in the plane parallel to the Earth's surface (i.e., RAM, SIDES, and TRAIL). On the left vertical

axis are also plotted the scatter for the SPACE and EARTH facing surfaces. In all cases each

surface was assumed to have a full 2n view for impacts (i.e., no local telescope tube shielding).

For LDEF the predictions show that the micrometeoroids contribute the most to the •

overall scatter. The data also clearly indicate the very small degree of optical scatter for the

EARTH looking surface. The scatter value for the SPACE looking surface is about 4.2x10 2 (per

steradian). The data demonstrate that for angles greater than about +/-35' from RAM the scatter

is always less than for the SPACE end, while for angles less than this the scatter is worse for the

near-RAM surfaces and peaks on that surface with a value of about 7.8x 10z2.

Data were recently presented at the LDEF 2 "d Symposium (San Diego, CA) by Linda 0
Dehainaut (Ref. 17) of BRDF measurements on bare fused silica samples. The observed values

ranged from 2.45x10 7 to about 3.85x10 2 (near the impact sites), with a mean value of about 10'.

These values are comparable to the peak ones computed for LDEF given here, if the low

6-24
0

! ! ! ! !0



0
0

* •6.2, Analysis of Crater Effects on Optics

reflectivity of fused silica is taken into account. The exact optical scatter behavior of craters in

fused silica is not yet fully understood. The predictions essentially assume craters in a metallic

• reflector, whereas fused silica has only about 4 percent reflectivity, and the scatter should scale

• with the reflectivity, all other factors equal. For example, if the sample had a coefficient of

* refraction of 1.0 (i.e., it wasn't an optic) then scatter would be totally independent of surface

* morphology, and obviously also 0.

Figures 6-27 through 6-38 show the predictions as functions of altitude and inclination

* for nonshielded optics. As the altitude increases, the debris scatter increases rapidly up to the

* 800 -1000 km range (where debris dominates toward the RAM), and then gradually decreases

* for higher altitudes. However, there is a local peak in the debris at about 1500 km. The debris-

• induced scatter is always worse for the higher inclinations. The scatter due to micrometeoroids

• is independent of orbit inclination and slowly increases with altitude (below 2000 km). The

SPACE surface suffers from a constant degree of scattering independent of both inclination and

• altitude. There is a very large range of predicted peak BRDF values, from a high of 0.56 (800

* km, 60', RAM) to a low of 0.072 (400 kin, 0', RAM).

0
- Figures 6-39 through 6-41 show the predictions for some options which include telescope

- shrouds, for the cases of 30, 60 and 80' of "exclusion angle" for an orbit at 1600 km and 600
0 inclination. The "exclusion angle" is the angle measured from the surface of the optic which
• prevents direct impacts on the optic due to the telescope wall.

* For a circular optic of 100 cm', the diameter is 11.28 cm (4.44 inch). Thus, for exclusion

* angles of 30, 60, and 800 the telescope wall must have a length of 6.51, 19.54, and 64 cm,

0 respectively.
0

0 Note the odd trend of the data as the exclusion angle increases. While the

• micrometeoroid-induced scatter merely decreases monotonically versus this angle, the debris-

* induced scatter is observed to drop rapidly for the RAM and to display a local peak at about 20'

0
0
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6.2, Analysis of Crater Effects on Optics

off-RAM. The explanation for this behavior lies in the "butterfly" plots for the polar diagram

of debris flux versus the spacecraft velocity vector. The Kessler model predicts that the debris

approaches the RAM surface in the form of two off-RAM lobes. When the exclusion angle is

small (i.e., we have 2nr viewing), the impacts on the surface involve an integral over both the

lobes. However, when this angle is large (viewing angle small) the telescope effectively •

differentiates the lobes. Thus, the "hole" in the RAM direction reveals itself, and the peak scatter

corresponds to the optic looking directly into one of the lobes. 0

As can be seen, the use of telescope shrouding can dramatically reduce the scatter

predictions provided a sufficiently large exclusion angle is involved. For a 30' exclusion angle,

the RAM BRDF is only reduced from 0.24 to 0.20; for a 600 exclusion angle the reduction is

from 0.24 to 0.013; while for an 800 exclusion angle the reduction is from 0.24 to 9x10 5 (at 200 •

off-RAM), all for the same orbit of 600 km altitude and 60' inclination. However, the use of

a large exclusion angle implies a reduced field of regard for the optic. Hence to overcome the

latter it would be necessary to maneuver the entire telescope tube. Systems which rely on pan-tilt

mirrors cannot use large exclusion angles, else the field of view would include looking "at" the

telescope tube itself. 0

The use of "exclusion angles" in this manner addresses only the case of direct impacts

on an optic. However, it is possible to have indirect hits. For example, an impactor could hit

the inside of the telescope tube (including a baffle) and cause secondary ejecta to hit the optic.

Likewise, for a thin-walled tube an impactor could completely perforate the wall and again

generate ejecta. If the "target" material is one which produces copious secondary debris (e.g., 0
Martin Black is notorious for this effect, releasing many micron-sized surface particles when •

subject to mechanical shock) then it is possible for this debris to again cause at least a 0
contamirnation problem on the optic (this debris is mostly of low velocity and thus unlikely to

cause much in the way of actual crater damage). However, most targets do not produce such

debris: rather they merely throw off material in the "normal" manner of impact cratering. In the

6-26
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6.2, Analysis of Crater Effects on Optics
S

S latter case the resulting blow-off is usually of smaller sizes than the original impactor, although

the total mass is larger than the impactor.D

The previously used logic for optical scatter indicates that scatter increases with the fourth
(4t") power of the particle diameter. Thus, for a given mass, the scatter will be low provided the

5 mean particle size is much smaller than the original impactor. This follows immediately from:

5 BRDF = constant x N x D4, and M = constant x N x D3

S
S

Thus,

BRDF = constant x M4 /3/N 1/3

where M is the total mass and N is the number of particles. Hence for a given mass of blow-off

the scatter decreases as the number of individual particles involved increases. Thus, under mostS
circumstances, it is anticipated that secondary ejecta optical scattering is less important than that

• due to the (initial) direct impacts.

S

* 6.3 CONCLUSIONS FOR M&D IMPACT EFFECTS ON O WC

The present conclusions are that the major effect of M&D impacts on optics is to produce

• an increase in scatter, but only minor changes in reflectivity and/or transmission. The scatter

* increases as the impact crater sizes increase and as the areal density of impacts increases. The

effect is nonlinear with the size of the optic. The larger the optic the more likely a large crater

will occur resulting in more induced scatter for the large optic. Also the increase in scatter is

nonlinear with mission time. As time increases, the probability of an impact by a larger particle

also increases, which causes the optical scatter to increase in a supralinear manner. The scatter

is dominated by crater formation rather than by crack generation. Soft targets (e.g., metals and

* 6-27
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plastics) will produce the largest craters. Hard targets (glasses and ceramics) produce smaller

pure craters; however, these craters are frequently surrounded by larger surface spalls giving the

effect of larger shallow craters. Multilayer optics can also suffer from delamination effects

around the impact sites, which produce large local changes in reflectivity or t'ansmission and

scatter.

The degree of scatter depends on the orbit (altitude, inclination and time) and on the 0
pointing direction. RAM is usually the worst direction to point while EARTH is usually ,the best

(safest) direction. •

The use of telescope shrouding can significantly reduce the scatter provided the angle for

entry of particles is small. This is at the expense of the optical field of regard.

Experiments have been performed (Ref. 18) to compaie impact damage in optics with the

induced scatter. These data are being compared with both theory and the results from LDEF.

The HYPER plasma-drag gun was used at Auburn University, Alabama, to throw particles at

various optics. Optical scatter measurements also are being performed. Three types of samples

(1 inch diameter) were used: aluminum (2000 A) coated fused silica, Si3N4

(600 A) coated aluminum, and a 15-layer quarter-wave (tuned to 1.06 pm) stack of alternating 0
SiN 4 and SiO' layers on a fused silica substrate. The impactors were olivine and alumina of

sizes 50 - 100 pim diameter, and the impact speeds were in the range of 8 - 12 km/s. On

average, there were about 10 impacts per sample.

Control samples were placed in the HYPER facility, but without firing any particles, to

check for overall background contamination. Pre- versus post-test measurements of TIS indicated 0
no large contamination problems (e.g., at levels of TIS _< 0.01). For the impacted samples the 0
increase in TIS was significant, increasing by factors of l0x to 100x. Post-test analysis of

specific samples using the Mie-SPENV code for the known craters (numbers and sizes) gave

predictions within factors of about 5 those measured. This work is ongoing and will be

6-28 0
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• 6.3, Conclusions for M&D Impact Effects on Optics

* completed by the end of 1993. Comparisons with the LDEF data are still in progress, and will

• be completed as part of this work.

•

•0
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CRATERS VERSUS IMPACTS
0
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Figure 6-5: Craters Versus Impacts 0

i I I i-...----. I I I

VELOCITY DISTRIBUTIONS OF METEOROIDS AT
0.14 400 km ALTITUDE ON BOTH A STATIONARY •

AND AN ORBITING SPACECRAFT (USING A
MODIFIED ERICKSON VELOCITY DISTRIBUTION) 0

0.12 -

0.10 -ON A STATIONARY S/C
V = 16.7 km/s

LU
a-00 - ON AN ORBITING S/C

S0 \ V = 19.0 km/s

Z 0.05 /6

0.04/0 \ 0\

0.02 /

5 10 15 20 25 30 35 40 45 so 55

VELOCITY (kInis) I
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CHAPTER 7
* SPACE EFFECTS ON FIBER OPTIC SYSTEMS AND

COMPONENTS ORBITED ON THE LDEF

* With the rapid developmeat of photonics technology devices during the past few

*0 decades and a plethora of lightwave systems emerging, certain fundamental issues remain

regarding the applicability of the technology to the rigors of the space environment. Some

facets of photonic technologies have recently been successfully demonstrated in space. For

example, the first demonstration of the capability of active FO systems to operate in a

prolonged space orbit was achieved with the Phillips Lab3ratory Fiber Optics Space

0 Demonstration, Experiment #701 "Space Environment Effects on Fiber Optic Systems."

40 Deliberate and prolonged orbital exposure of the experiment's four operating fiber optic data
LO transmission systems aboard NASA's Long Duration Exposure Facility (LDEF) proved

conclusively that early 1980's era fiber optic systems could successfully withstand adverse

* space environmental effects. These effects included wide and frequent temperature cycling,

0 AO scavenging, exposure to UV radiation, micrometeorite and debris impactors, and space

0 radiation doses ranging to 25 krad (Si). Figure 7-10 shows the condition of the experiment

o shortly after LDEF recovery.

0 Recovered by the shuttle Columbia in December 1990, the optical fiber systems aboard
P PL Exp #701 continue to function to this date. Future space demonstrations of fiber and

other photonic technologies will be concerned with incorporating much of the knowledge

• learned from this key experiment's active and passive fiber optic technologies. The content

, cf this chapter will briefly summarize the lessons learned and data gathered from PL

O Exp #701 and other LDEF-orbited experiments conducted by: Georgia Tech Research

•0 Institute; Jet Propulsion Laboratory; the Boeing Co.; and other DoD organizations.
Information regarding the results of analyses of Experiment A0138-7, "Optical Fibers and

*@ Components," has not been made available. For completeness, this experiment by

O CERT/ONERA-DERTS has been included in Table 7-1, but not discussed within this cbapter.

0

* 7-1
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7, Space Effects on Fiber Optic Systems and Cormponents Orbited on the LDEF

Throughout this handbook, reference is made to the various space-induced adverse

environments, including temperature and radiation effects. Valuable detail can be found in

Chapters 3 through 5 regarding solar-induced effects, AO effects, and micrometeorite arid

debris impactor phenomena. Theý optical fiber systems and components aboard the LDEF

experienced a wide variety of space environmental effects because of their different locations 0
and shielding geometries. Table 7-1 briefly summaiizes some of the measurements achieved

in the FO experiments. While this table is rather brief, it illustrates that the early

demonstration of fiber optic systems, subsystems, and components in prolonged LEO were

divided into several categories regarding operational parameters and space exposure

geometries. These included active systems (M0004 and M0003-8) and passive systems and

components (M0004, S0109, S0050, M0006 and A0138-7). Not all of the expert its nor all

of the experimental components were space exposed. For example, only the active cabled FO

links were space-exposed on the M0004 Experiment, while the light emitting diodes (LEDs),

PIN photo diodes (PINs), and connectors used to power the experiment were contained within

the shielded tray volume. Similarly, Experiment S0109 contained no sources or detectors to•

actively drive the space exposed cabled optical fibers of this experiment. A second active

experiment (M0003-8) by the Boeing Co. studied single and multi-contact connectors, but was

not space-exposed since the experiment was shielded from the direct space environment. 0
Only a few of the many passive components contained on Experiment S0050 were directly S
exposed to the space environment, while on Experiment M0006, a bundle of 1800 passive

optical fibers was space-exposed over a period of approximately 11 months.

7-2
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• 7.1, Experimental Configurations and Fiber Optic Systems and Component Exposures to
* the Space Environment

* 7.1 EXPERIMENT AL CONFIGURATIONS AND FIBER OPTIC SYSTEMS
• AND COMPONENT EXPOSURES TO THE SPACE ENVIRONMENT

* 7.1.1 PL Experiment #701 (M0004) - Space Environmental Effects on Fiber Optic
* Systems

* The discussion of PL EXP #701's performance aboard the LDEF mission is perhaps the

most complete knowledge to date of +he space performance of several types of different

-•optical fibers in an operational system configuration. As an example of the FO technologies

• studied aboard LDEF, the data resulting from this active experiment will be highlighted.

• PL Exp #701 was designed as a feasibility demonstration for FO technology in space

• applications, and to study the performance of operating fiber systems exposed to space

environmental factors such as galactic radiation and wide temperature cycling. Four active

digital FO links were directly exposed to the space environment for a period of 2,114 days.

* The links were situated aboard the LDEF with the cabled, single fiber windings atop an

* experimental tray containing instrumentation for exercising the experiment while in orbit.

* Despite the unplanned and prolonged exposure to trapped and galactic radiation, wide

i temperature extremes, AO interactions, and micrometeorite and debris impacts, in most

0 •instances, the optical data links performed well within the experimental limits. Analysis of

the recorded orbital data clearly indicates that fiber optic applications in space will meet with

• success. Tests and analysis of the experiment at the PL's Photonics Research Group are

• continuing. This is the first known and extensive database of active FO link performiance

• during prolonged space exposure. PL Exp #701 is widely acknowledged as a benchmark

* •accomplishment that clearly demonstrates, for the first time, that FO technology can be

successfully used in a vanri.ty of space applications.

* 7-3
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0

7.1.1.1. Optical Transmission Measurements

Following orbital deployment by the shuttle Challenger, the experiment was activated

and performed the first of its scheduled 76 optical data transmission measurements (Refs. 1,

2, and 3) for the planned year in orbit. Thirty measurements were performed in the first

6 months at intervals of 6 days, while the remaining 46 measurements were performed at 4-

day intervals over the second half of the year. Shown in Figure 7-1 is a block diagram of •

measurement circuitry. Figure 7-2 illustrates a portion of the electronic/optoelectronic layout.

Two basic tests were conducted on each space exposed FO link by the circuitry as

represented in Figure 7-1 . The first of these tests was designed to measure the signal

strength and, hence, Signal-to-Noise Ratio (SNR), of each digital FO link. This test is

referred to as a "Burst Error Run." A 10-bit pseudo-random generator was used to generate a

digital stream of "data" for the measurements. The receivers were AC coupled and the data

were bipolar, non-return-to-zero (NRZ) format. The experiment used a model developed by

Gilbert (Ref. 4) to examine the bit stream for errors.

In the SNR measurements, the voltage from the optical receivers was compared to a

"threshold voltage." A high-speed comparator used this threshold voltage to decide if the

signal from the optical receivers was a logical "1" or a logical "0." Initially, the error •

counters were cleared, the threshold was set to zero volts, and a "packet" of 130,944 bits was

passed through the FO link. The data stream from the optical receivers were compared to a

reference signal from the pseudo-random generator. If there were less than 128 independent

(Type I in the Gilbert model) errors in the data passed through the FO link, the experiments

incremented the threshold voltage by 1.25 mV. The error counters were subsequently reset to

zero, and another packet of 130,944 bits was passed through the link, and error measurements 0
were made again. This process continued until at least 128 independent errors were detected 0
in a packet of 130,944 bits. At that point, the experiment recorded into RAM the values of •

the error counters and the number of times that the threshold voltage was incremented. The

7-4
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* experiment then conducted the SNR measurements on the next link in the sequence, until all

* four links had been examined.

Following the SNR measurements, the experiment began the burst error runs. In this

* mode, the threshold voltage at the comparator was held constant at 0 volts. Since the

* receivers were AC coupled, 0 volts was the optimal threshold for the system. That is, for any

• given signal strength, 0 volts was a threshold and would have resulted in the fewest possible

• errors in the data stream. The error counters were reset to 0 at the beginning of the BER for

each FO link, but they were not cleared between successive packets of 130,944 bits. With

zero volts as the threshold, a packet of 130,944 bits was passed through the link. If less than

• 128 independent errors accumulated, the experiment passed another 130,944-bit packet

• through the FO link. The process continued until either 128 (or more) independent errors

* accumulated, or a total of 10' bits had been passed through the link. When either of these

• conditions was met, the experiment recorded into RAM the values of the error counters and

the number of bit packets that had been passed through the link. The BER measurement was

then conducted on the next FO link in the sequence, until all four links had been examined.

• After the BER measurements, the experiment transferred the data stored in RAM to the

• Experiment Power and Data System (EPDS). The EPDS gave the data a "time stamp" and

* recorded the data to magnetic tape. Both the Data Processor Control Assembly (DPCA) and

* the Magnetic Tape Memory (MTM) units of the EPDS functioned properly during the entire

mission and have continued to work in post-flight testing.

* 7.1.1.2. In Orbit Temperature Cycling Measurements

• Prior to performing the SNR and BER measurements, the experiment controller directed

the measurement of temperatures at eight thermistor locations within the experiment tray

volume (Fig. 7-3). These temperatures were valuable in studying the optical fiber

* 7-5
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performance. However, it must be realized that the temperature measurements were made at

the very beginning of the four FO link performance runs. Therefore, as much as 30 minutes

could have elapsed between the temperature measurements and the last BER measurement.

The time stamp assigned to each experiment reflected the "nd of that data taking

period. By examining the performance of each link, it was possible to determine the total

time elapsed for completing the entire experiment run. If a link was greatly degraded in

performance for a particular run, then the time required to evaluate the link was significantly 0
reduced. The experiment controller would then proceed to examine the next link. 0

0
0

Therefore, under this scenario, the maximum time required to fully sequence each of
the four links was less than 31 minutes, bringing the temperature measurements in time -

proximity with the link performance measurements. Thus, the temperature gradient, or •

change, was minimized for the special case where a link was highly degraded in performance 0
and the data run was truncated. •

0
Discerning the orbital beta-angle (Ref. 5) during the periods of experiment operation •

was very important, since the tempeFature variations can be accounted for and correlated to •

the on-board PL Exp #701 thermistor measurements. Since the LDEF orbital period was •

approximately 94 minutes, the actual tray temperature may have changed significantly during 0
many of the data runs. For example, the experiment could have passed from the daytime 0

space exposure condition to the daytime sun exposure condition, or vice-versa, or other •

variations, in the 30-minute sequencing interval, changing conditions under which the link

0
measurements were performed. •

0
Therefore, the results reported herein must be qualified due to these possible transient •

conditions. An accounting and correlation between LDEF thermal data (Refs. 5 and 6) and 0
the PL Exp #701 thermistor measured data was performed and Figure 7-4 illustrates a partial •

0
0
0
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0 analysis of this situation, while Tables 7-2 and 7-3 give the typical temperatures and

0 thermistor locations recorded for the inner tray volume.

0

0• 7.1.1.3. Brief Analysis of On-Orbit Recorded Optical Fiber Transmission Data

• Shown in Figures 7-5, 7-6, 7-7, and 7-8 are the performance data for the four FO links

• described in Table 7-4. The data indicate that links #3 and #4 experienced approximately 1.0
Db and 0.2 Db deviation, respectively, in SNR measurements during the first year in orbit.

0
• The reduction of SNR data in links #1 and #2 is also shown.

0
• An example of cabling influence resulting in these responses and on the ability of

• optical fibers to perform in space can be seen in Figures 7-6 and 7-7. Here, two identical

• plastic-coated silica fibers were cabled using different technologies that were available at the

0 time that the experiment was designed. FO link #2 used a loose-tube configuration, which

0 • theoretically allowed a fiber encased by the loose tube to experience a greater degree of

0 freedom than that of a tightly wrapped fiber, such as found in FO link #3. The intent in the

• loose-tube configuration was to lessen micro- and macro-bending losses induced by cabling

• restrictions or flexing. However, the data indicated the conformal fiber performance far

0 exceeded that of the loose-tube configuration.

0
0
* 7.1.1.4. On-Orbit Radiation Dosimeter Measurements

0
* Another objective of PL Exp #701 involved the study of the trapped and galactic

* radiation effects on the four space exposed FO link performance. Several studies have been

conducted on LDEF received doses (E. V. Benton, Analysis of Dosimeters Aboard LDEF Exp
• M0004, 26 Jun 90 and 29 Aug 90 - Unpublished reports). The selection of optical fibers

• over the period 1978-1982, for inclusion in the experiment, was basea upon the best known

0
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technology at the time of the experiment fabrication, and on the results of radiation sensitivity •

experiments that were performed (Refs. 7-1 1) on a variety of candidate and PL Exp #701 0

optical fibers. Table 7-5 contains a listing of the space exposed fibers and a short description

of their characteristics.

In order to measure the accumulated dose and spectrum of the space radiation •

environment, both thermo-luminescent dosimeters (TLDs) and plastic nuclear-track detectors •

(PNTDs) were located within the experimental tray volume. This inclusion of the detectors 0

on PL Exp #701 constituted a cooperative arrangement between the University of •

San Francisco and the PL Exp #701 project office. Comparisons of the radiation dose 0

received by Pl, Exp #701 and other experiment can be found elsewhere (Ref. 12). •

The TLDs and PNTDs were enclosed in a sealed container and co-located within the 0

EPDS shielded volume (Fig. 7-9). Each was mounted on a separate 450 wedge, with their

inclined surfaces facing 90' with respect to each other. This orientation was chosen to

optimize the various shielding directions experienced within, and exterior to, the tray volume.

A complete description of the composition of the TLD and PNTD materials may be found •

elsewhere. 0

The results of an interim analysis based on a 1-D shielding model indicated that the 0

space exposed optical fibers experienced a total dose varying from 238 rad(Si), to •

25 Krad(Si), depending on shielding provided by the fiber cabling materials and hold down 0

clamps. The analysis accounts for boundary conditions of lightly shielded fibers (typically •

0.01 to 0.05 g/cm2) to substantial shielded portions of the fiber, particularly those portions 0

under the hold-down clamps (1.06 g/cm 2; Fig. 7-10). The fiber doses resulted primarily from •

geomagnetically-trapped electrons, since the galactic cosmic ray contribution was estimated to

constitute (Ref. 12) approximately I to 3 percent of the trapped proton dose at typical •

shielding (greater than I gicm2 ). Therefore, for a shielding of less than 1.0 g/cm' , trapped 0

0
0

0
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• electrons dominate the surface-absorbed dose (Ref. 12). Shown in Table 7-5 is an analysis

performed for predicting ranges of doses experienced by the FO links.

• While the optical fiber links were calculated to have received a substantial dose over

• the 2,114 days in orbit, no direct evidence of permanent induced radiation damage has been

• observed to date. As may be seen in Figure 7-4, the external tray temperature - extrapolated

• from the internal measurements and calibrations - ranged from approximately +57° C to

S-29° C. The fibers orbited in this experiment were known to possess good radiation

w• annealing properties, enhanced by elevated temperatures. Optical power levels present in the

_ • fiber links during the first year in orbit (typically 30 •aW) would have significantly contributed

•-- • to any photo-induced annealing (photo-bleaching). The one notable exception to this early

S• prediction involves Fiber Link #1. However, while radiation induced damage is not ruled out,

• more probable causes for the observed losses include micro- and macro-bending effects, fiber

• pistoning, and/or connector caused misalignments. All of these effects can be explained by

temperature dependence and are currently under investigation.

• Thus, as a result of this early analysis, it is concluded that no permanent effects due to

• space-induced radiation occurred in the external FO links. The same rationale may be used to

• predict any expected radiation damage for the passive fit'/ers within the tray volume, and also
] • the light-emitting diode sources and the pin photodiode detectors (all currently under

investigation). The doses .'eceived by these components are cun-ently being correlated with

• the TLD and PNTD calibrations. For example, an interim analysis (E. V. Benton, Analysis of

-- • Dosimeters Aboard LDEF Exp MOO04, 26 Jun 90 and 29 Aug 90, Unpublished Reports)

• determined that the experiment tray shielding (minimum of 2.4 g/cm2) resulted in a high LET

• data of 0.88 mrad(si)/day (total dose of 1.86 rad(Si)) with measured integral flux of 3.6 x 104

• cm°z s" sr• (for LET Si > 50 MeV cm2 g•). The TLD doses varied from 100 times to 125

times the LET dose, or 186 - 233 rad(Si). The FO components used in the experiment would

• not have been expected to be affected at these levels since they were pretested prior to launch

• 7-9
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at 200 krad(Si) to I Mrad(Si) levels and showed little (approximately 0.6 Db) permanent

damage. 0

7.1.1.5. On-Orbit Micro-Meteorite and Debris Impacts

Shown in Figure 7-11 is a photograph of one section of the experiments' surface. This 0
surface, which provided shielding for the EPDS, measured 0.41 m x 0.91 m and was

composed of a 1 mm thick aluminum alloy (6061-T6) and was painted with Chemglaze

(A276). This coated protective sheet (PS) and a thermal fiberglass cover coated with

aluminized Mylar provided additional protection to the shielded EPDS, MTM, DPCA, and

dosimeters immediately below. As may be seen in Figure 7-12, the impactors on the EPDS

protective cover were tallied and compared to impactors experienced by the Solar Max 0
satellite during its 4-year stay in orbit (Ref. 13). While both satellites were in low-inclination

orbits, they experienced different periods of solar activity (Solar Max: 1980 - 1985; LDEF: 0
1984 -1990). This may account for the differences in flux values. A tally of the number of

large craters (>300 pm) and small craters (>100 pm) yielded 29 large and 264 small. A more

detailed accounting of analyses performed on impactor chemical composition, directionality of

impacts, and other related effects can be found in recently published data (Ref. 14).

Figures 7-13 and 7-14 illustrate some typical impactor sites experienced by the space- 0
exposed optical fiber cables and surrounding materials. Evident in Figure 7-15, is a classic

impactor region on a fiber link faceplate. Protective materials between the exterior cabling

and the single element optical fiber can be seen protruding from the outermost cabling in

Figure 7-13. However, this optical fiber still continues to function correctly, since it was not 0
severed by the impactor. 0

Figure 7- 16 is a photographic close-up of the impactor site on Link #4. Notice there is

no evidence of any optical fiber damage, although the cabling and protective jacketing

L ~7-i1 •
J J J J0



0

• 7.1, Experimental Configurations and Fiber Optic Systems and Component Exposures to
* the Space Environment

* materials are damaged. Our analysis and testing of this particular link revealed that the single

* fiber within the cabling was indeed broken by an impactor. In order to detect the breakage,

two investigative methods were used since normal microscopy and IR detection methods

employed at KSC did not ascertain any breakage.

• The first method consisted of passing continuous visible laser light (X=6328 A) through

* the transmitter end of the fiber. This allowed a very small amount of scattered light to

* penetrate or scatter through the Kevlar strength members and Hytrel jacketing and be

observed. Under normal link operating conditions, light of a wavelength of 830 nm is present

for approximately 26 ms, making detection of any low-level short-duration scattered light

difficult.

* The second investigative scheme involved an optical time-domain reflectometer

* (OTDR) measurement. Figure 7-17 illustrates that the impactor caused breakage at a distance

* of 18.9 m from the optical transmitter end, or 27.4 m from the receiver end. The sum of

these distances measured to the impactor site agreed within OTDR error to the link length, 48

• m. It is estimated that this breakage occurred between day 365 and day 2,114 in orbit. Prior

* to the 365th day, this particular link performed in an excellent manner, as recorded in the

* orbital data tape, testifying to the applicability of fiber optics in space.
-0

S•Thus, despite numerous micrometeorite and space debris impacts experienced by the

cabled fibers and experiment surfaces, only a single optical fiber was observed to be severed

over the 2,115 days in orbit. This event occurred after the scheduled data acquisition portion

* of the mission was completed.

* Perhaps the most profound conclusion that may be drawn from the PL Exp #701

• performance is that the 1978 - 1980 era FO technology orbited operated excellently, and that

newer and improved FO technology should perform in a superior mariner.

* 7-li0
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This experiment demonstrated for the first time, under deliberate space exposure and S
over an unscheduled extended time period, that well-designed FO systems can survive and 0
perform in the space environment. •

7.1.2 Experiment S0109 - Space Exposure of Fiber Optic Cables •

This passive experiment contained 10 fiber optic cable samples, 4 of which were space- 0
exposed with the remaining 6 within a shielded volume. The space exposed cabling

surrounding the fibers experienced similar UV radiation or aging effects, as discussed earlier

in detail for the M0004 Experiment. Early examination of the cabled fiber responses to

temperature following the LDEF recovery first revealed that no measurable changes in

performance were observed. In a later report up to 10 Db/km excess loss over the -550 to 0
+70' C range was reported in the majority of cabled fibers tested following the orbit and was 0
believed to be due to more than one mechanism, but not identified. Several techniques were

employed in baselining any fiber intrinsic loss increases following the orbital exposure. Not

all fibers were baselined using a common technique and it was reported that long-term

damage - residual losses did exist. These data were later explored again, drawing

comparisons between recently irradiated samples of the various fiber types and the orbited 5
fibers. Other effects, such as contamination to unprotected fiber connectors located within the •

tray volume, have also been observed. There was no positive indication from direct •

measurements on these flight connectors that (any) significant loss can be attributed to

contamination. A more-complete description of the post-orbit analyses of this passive

experiment can be found elsewhere (Ref. 12).
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• 7.1.3 M0003-8 Fiber Optic Experiment

This experiment was an active experiment orbited on the LDEF. It was a

sub-experiment of M0003, "Space Environment Effects on Spacecraft Materials." The

• purpose of the M0003-8 Experiment was to gather data on the stability of fiber optic multi-

* contact connectors (Hughes 20 contact C-21 series connectors, which accommodate size #16

• fiber optic termini). As shown in Figure 7-18, the experiment was operated at a wavelength

* of 905 nm, and the data was recorded over approximately 111 2-hour periods with 32

recordings per period during the first 400-plus days of the flight (the data ran out of tape).

An extensive discussion of the data recorded aboard this LDEF experiment can be

* reviewed elsewhere (Refs. 14 and 15). However, post-orbit tests were compared to previously

• recorded pre-orbit measurements and resulted in the conclusion that the FO components and

* in particular, the connectors studied, experienced no degradation following the LDEF

• recovery. In essence, no fiber pistoning, or connector degradation due to radiation and other

space environmental effects were noted. The lack of radiation effects on the optical fibers is

easily explainable since the lengths used were very short (1/2 and 2 meters). The total

• system performance variation since the experiment was fabricated and tested in 1978 was

* measured to be a plus (+) 0.2 Db increase experienced during the LDEF orbit, following

* orbital recovery (Nov 1990). The experiment tested the same as it did in 1978. The principal

• investigator concluded that the experiment operated in a relatively benign environment and

was designed to perform reliably, which it did, experiencing little or no degradation in the0
LDEF orbit.

* 7.1.4 Experiment S0050 - Optical System Components

This passive experiment contained both shielded and exposed electro-optic and FO-0
components. Individual components were mounted on aluminum subpanels which were

• 7-130, ,,,i
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covered by a thin aluminum sunshade, with several components left unshielded. Table 7-6

lists the EO components orbited, while Table 7-7 presents data reported for an EO modulator.

Figure 7-19 depicts the performance of a GaAsP LED orbited aboard the LDEF with that of a

stored diode of the same type, showing that the diodes reproduced their original

characteristics. Similarly, the EO modulator data shown in Table 7-7 showed no measurable

changes in optical transmission. The half-wave voltage and roll-off frequency can be

observed to be within experimental errors. Other non-fiber optic technology based

components (optical filters, paints) were included in this experiment, and the reader is referred •

elsewhere. (Note: Data on other detectors, lasers, etc., as shown in Table 7-6 were not 0
reported at the time of this writing.) The principal investigator concluded that the changes

noted in the retested components (following the LDEF recovery) appear as much related to

the passage of time as to the effects of the space environment, but that organic materials,

multilayer optical interference filters, and extreme IR reflectivity of black paints have shown

unexpected changes. S

7.1.5 Experiment M0006 - Space Orbited Fiber Optic Bundle

This experiment was a subset of the M0006 "Space Environment Effects Experiment."

The post-orbit analysis of the FO bundle (Table 7-8) included investigation of the attenuation 0
of optical signal transmission, numerical aperture, and fiber spectral responses over a wide

wavelength range. The measurements were performed in a sequenced manner or hierarchy in

order to determine if the optical fibers experienced any space.-iation-induced attenuation.

The cable bundle contained 1800 individual fibers which were oriented 400 distant from the

trailing edge of the LDEF. Exposure to the space environment occurred over the period 21

Apr 84 through 15 Mar 85. As shown in Table 7-9, attenuation measurements were in a •

sequenced manner or hierarchy in order to prevent the inadvertent annealing or 0
photobleaching of any space-induced pennanent attenuation in the fiber bundle. By •

performing measurements at longer wavelengths and relatively low optical powers, the

7-14 5
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* activation of photobleaching is minimized or avoided. Figure 7-20 illustrates a typical

spectrophotometric scan showing little deviation between the control and the space orbited

bundle of fibers. The detailed results of this investigation can be found elsewhere (Refs. 12

• and 14). It was concluded that photobleaching of suspected space-induced radiation color

* centers did not occur. Due to the extremely short length of the cabled bundle of fibers

• (61.7 cm), the accuracy of the attenuation measurements was determined to be +/- 0.14 dB/m,

* a value far greater than any expected space-radiation induced losses. It was conc'uded that if

any permanent attenuation was experienced by the bundle while in orbit, it was less than

0.14 dB/m. This was also supported by other measurements such as numerical aperture

* (N.A.). Far-field measurements were performed using a Fourier transforming and relay lens

• system to measure the N.A. The acceptance angles were determined to be 62.80 +/- 2.50 for

* the control bundle, resulting in an N.A. of 0.52 +/- 0.02. The orbited bundle measurements

• resulted in an acceptance angle of 64.70 +/- 2.50 and an N.A. of 54 +/- 0.02. These and other

• measurements covered in greater detail within the cited literature indicated that little, if any,

adverse effects were experienced by cabled optical fiber bundle in LEO.

* 7.2 CONCLUSIONS

* The general conclusions that may be drawn from the summary of LDEF FO

experiments presented in this chapter are as follows:

• FO technology is mature for space applications, providing a judicious choice of

* space worthy components is made.

"" * Very little radiation-induced permanent damage (if any) was observed to directly

degrade the optical fibers and shielded optoelectronic components composing the

FO systems aboard the LDEF in LEO.

• 7-15
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7.2, Conclusions 0

"Temperature cycling and temperature extremes can degrade certain optical fibers.

Care must be taken to choose temperature insensitive fibers for space

applications.

" Other space ,ivirorinments factors such as UV radiation, space debris,

micrometeorite impactors and AO can cause material damage to cabled fibers.

Care must be taken to provide adequate protection, particularly for extended

orbital periods.

" While the LDEF FO experiments were generally successful in their ability to

perform or withstand the LEO environment, extrapolation of these results to other

orbital conditions should be approached with caution (for example, the radiation •

environment experienced by the LDEF, while in LEO, was relatively benign

compared to fluxes in other (higher) satellite orbits. Thus, there is no direct

method based on in-situ data which exists for predicting performance in more

adverse radiation environments.) 0

7
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Table 7-1. Comparison of FO Experiments Orbited on the LDEF.

Experiment Objective Experiment On-Orbit Data Direct Post Orbit
Identification or Orbital Collection Space Analysis

And Title of Operation (Recorded Exposure of Performed by •
Responsible Experiment Parameters and FO (Principal

Agency Variables) Components Investigator)

M0004 Demonstrate Active s, T, SIN, BER. Cabled Phillips
PL-Exp #701 active FO V Dosanetry Optical Laboratory

AFMC Phillips systems. Fibers (E, W.
Laboratory Measure Taylor) •

Temperature and
Radiation

Effects

S0109 Space Exposure Passive None Cabled JPL
JPL of FO Cables Optical (A. R.

Calilbrnia Inst. of Fibers Johnston)
Tech

S0050 Exposure of Passive None None Georgia Tech
Georgia Tech Optical Fibers Res Inst
Research Inst and Components (M. Blue) •

M0006 Space Passive None Cabled non- Phillips •
U.S. Air Force Environment imaging FO Laboratory

Effects bundle (E. W.
Taylor. S. A.

DeWalt)

A0138-7 Optical Fibers Passive (Possibly None CERT/ONE
CERT/ONERA- and Components Dosimetry) RA-DERTS

DERTS (Jacques
Bourrieau)

M0003-8 Space Effects on Active T, V None Boeing Co
Boeing Co Multipin FO (Owen

Connectors Mulke)

a = Optical Signal Transmission & Attenuation
T = Temperatures 0
S/N = Signal-to-Noise Ratio
BER = Burst Error Rates
V = Voltages (Various)

7-36•

i i ii -- - i i



* 7, Tables

Table 7-2. Abbreviated Thermal Data Measured in Orbit.

* Day / Meas # Thenn Max OC Themi Min oC

* 6/1 Thenn 5 /10 * Avg / -15.0

* 18 /3 Therm 4 /1.9 * Avg / -25.6

* 60 / 10 Therm 5 / 8.4 * Avg / -27.7

0 84/14 * Avg /15.3 Thormn 1 / 10,5

223 /41 * Avg / 48.1 Therm 3 / 29.2

* 247 / 4 Thern 5 / 18.2 * Avg / -10,1

* 272 / 53 * Avg / 53.5 Thern 3 / 31.7

* 364 / 76 * Avg / 27.6 Thenn I / 20.0

* Note: This is the Average of Thermistors 2, 7, and 8

Table 7-3. Thermistor Location Within Experiment Tray.

Thermistor 4 x (cm) y (cm) z (cm) Remarks

* 1 73.7 14.0 - 6.4 Attached to 'rransmittcrs

* 2 104.1 67.3 - 0.5 Attached to Fiber Plate

0 3 63.5 63.5 - 6.4 Attached to Circuit Board

4 124.5 10.2 - 6.4 Attached to sidewall

* 5 35.6 68.6 - 8.9 Attached to bracket inside EPDS cover

* 6 50.8 76.2 - 14 Attachcd to base plate (Tray bottom)

* 7 124.5 95.6 - 0.5 Attached to Fiber Plate

* 8 104.1 25.4 - 0.5 Attached to Fiber Plate

S• ~7-37I
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Table 7-4. Some Characteristics of Space Exposed Active Optical Fibers,
Prior to Launch.

Variable Link #1 Link N2 Link #3 Link #4

Original Cable Color Purple Yellow Beige Blue

Cable Type Loose Tube Loose tube Conformal Conformal

Cable Material Polyurethane Tcfzcl TBD Hytrel

Fiber Type Glass/Glass PCs PCs PCs
Semi-Graded Step Index Step Index Step Index

Core/Clad (pjrn/p~ra) 100/140 207/327 207/327 198/358

Numerical (Apertures) 0.30 0.22 0.22 0.33

Biandwidthi (3 dBi) (Mhlz - kmi) 20 25 25 250

Attenuation (dMikm) 6.0 @ 850 om 5.0 @ 850 nm 5.0 @ 850 tim 9.2 @ 850 nm

Wavelength (nm) 1300 830 830 830

Link Length (in) 45.0 19.7 20.5 48.00
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Table 7-5. Interim Analysis of Radiation Doses Experienced by PL Exp #701.

Shielding Depth Trapped Electrons Trapped Protons GCR*, Other Total Dose
• (g/cr•) (Rad) (Rad) (Rad)

0.01 24,500 515 33 25,000

"" 0.02 12,100 471 33 12,600

0.03 7,320 444 33 7,800

0.04 4,980 425 33 5,440

0.05 3,540 410 33 3,980

• 0.86 11.9 218 33 263

* 1.06 3.3 202 33 238

• 1.25 2.6 193.5 28.4- 224.5 ± 6.0-

*•[ 2.48 * 0.1 149.5 37.0" 186.5 ± 5.8"'

Values determined from comparison of mcasurement and calculation
** - Differcncc between measurcd aud calculated doses

*** - Measured TLD values
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Table 7-6. List of Electro-Optical Components.

PASSIVE COMPONENTS ACTIVE DETECTORS
COMPONENTS

Six Black Paint Samples ADP Modulator Silicon PIN

Neutral Density Filters Channeltron Array Silicon PV

Narrow-Band Filters GaAIAs Laser Diodes Silicon Gamma-Ray •

Laser Mirrors GaAsP LED InGaAsP PV 0
Hot-Mirror Filter Nd:YAG Rods InSb PV •

Lyman-Alpha Filter CO2 Waveguide Laser PbS

UV Filter 1600 A HoNe Laser PbSe

LiF Window Holographic Crystal HqCdTo PV 5
AIMgF2  Laser Flash Lamps HgCdTe PC •

A1203 Window PdSi Arrays 0
SiO2 Window Pyroolectrics

35-amm UV Film UV PMT

Various Optical Glasses UV Silicon

Black Polyethylene •
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* APPENDIX A
• LDEF EXPERIMENT LOCATIONS, ENVIRONMENTS & MATERIALS

* This appendix organizes the many experiments into a form that allows quick and easy

information on the location and their space environment exposure. The plots are based on a map

of the LDEF spacecraft, with the skin of the spacecraft unfolded. The panels start with row nine

* and move back from there. This was done to place the actual RAM direction of the spacecraft

* on the left side and right side of the chart. In each case, just read straight down the page to get

* an estimate of the value.

Tables A.1.A and A.I.B - LDEF experiments mapped against the corresponding

Cumulative Sun Hours and the Cumulative Atomic Oxygen Fluences. The second chart shows

* the panels that contain more than two experiments.

• Tables A.2.A and A.2.B - LDEF experiments mapped against the corresponding

-- Cumulative Debris and Micrumcteroid Impacts.

Table A 3 - A map of the optical experiments showing what types of optics were found

in different experiments. The experiment numbers were used as the simplest way to identify

• them.

Table A.4 - A map of tie optical component types and the materials found in each of the

• different experiment locations.
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* APPENDIX B
SEXPERIMENT DESCRIP'I1ONS

0
* This appendix provides a description of each of the optics-related experiments flown on

* • LDEF, listed by experiment number. For each experiment number, the title, experiment LDEF

tray locations, principal investigators, and materials flown are listed. This appendix, in

conju,,ction with Appendix A, provides a useful cross-reference in understanding the

* .experimental cflects described in Chapter 4.
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00-
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Appendix B, .Lxpetiment D~escriptions

Experiment A0034

TITLE: Atomic Oxygen Simiul.-ted Outgassing Experimient

TRAY
LOCATION: CC

PRINCIPAL Roger C. Linton Charles C. Burris

INVESTIGATORS: NASA Marshall Space Flight Center Southern University
Alabama~, 35812 Baton Rouge, LA0

Robert L. ScottJr.
Ci ba-CGeigy0
Saint Gabriel, LA

0
OPTICAL Coatings on borosilicate or fused silica windows:
M ATER I ALS: Z-93 whitepaikit (IITRI) zinc oxide in potassi um iilicate

bind enr
A -27b wvhile paint; ti t~ii u im dioxide pigmient in polyLure'thl4 le
bindc
S-13G, (ITRI); zinc oxide in RTVGO2 s, ic()ne binder
S-13G/Lo (IITRI); zinc oxide i n R'1V602 silicone bi nder,
impyroved formnulation foi- outgassing 0
Z-306 (hiwnglaze; black, fitaniuim dioxidc and carbion in
polyuretlhanec bindicer
Z-326 Cleiniglaze;
YB71 zinc ortho titanate (ZO') U LIRD1
anodized almnminum protective cover

0

kk.
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0 Appen~fdix B. EL t iment Descr~ipt io ns ___________________ _______________________

* Experiment A0056

0

1 TITLE: Exposure to Space Radiation of Hi gh Performance [ifii rved
* Multilayer Filters and Materials

o TRAY -2,18
LOC ATION: (1,l8

Gary)J. I iawkins, Jidin Seelecy, Roger N'uiinem.an
PRVI N CIPA 1,The University of, Readin~g, in barel'id N4Ull i laIyULA)

* INVI STIGATORS: DI.)pt. of Cybernietics.
co Reading, Berkshire, RGb 2AY, 11ngland

0
* OPT1ICAL. LJN('()A'l 1'') (CRYSTALS AND) So011 SUBtS'1'ýIRA1/('()A\I'iNG

0M ATI R IA 1,S: MATERIALS MATE RIALS

('Calciuiii Gluoridle KRS-5 Wilih (d-laver AS2S3/KRS-5
M4agne~sium FlIuor~ide Krs-0 will, 33-lay er ZnS/K kS-S &

Germanium Zn1se/Kits-5

Silicon KRS-5 Withi 01 layer Cdle/KRtS-5 &
C.d I i1l11el Iuride AS2S3/1(ZS55

Sal~lphireI I IA ItI ) S UJýSlR AlE/ 1:1 lEERI
* ~ ~ ~ -\U I Q 11it H' ZAIN

* 1,~-cut Quartz CO AT Ni h; S~l/i

* ~KRS4-5 ( e Witlli lP' Fe/n~Se

Krs-0 AlL, Wilit ( cSi()

inse Witl It Pi::

Si Withi si(



w

ApI)emdix B, E'xperimenlt I)esc ripliO;1zP.•.

Experiment A0138-3

0

Multilayer Experiment

TRAY B3
LOCATION: B

0

0

PRINCIPAL J.P. Delaboudiniere

INVUSTIGATORS: CNRS/LPSI'
Verrieres le Buisson, France

6
0

OPTICAL EUV thin fihns 
!

.. ,MATERIAL.S: UJV gas filters

photocathodes

LIV crystal filters

0
0

* I 0 •

0

0

............................................S.....



*: i Appendix B, kxp',rimbnt l),e.rription__.
Experiment A0138-4

7 TITLE: Vacuum - Deposited Optical Coatings Experiment

T Y T3AY
I, LOCATION: B3

PRINCIPAL Jean Charlier Irenee Alet

INVESTIGATORS: Matta )efese ,'N'S/('entre Spatial de
DEPl/TO T'oulouse 18
17, fue Plaul I)at.ier Aventie l'douaid Belin

S713U40 Velizy Villacoublay 31055 . ulouse Cedex
F IRANCE I'RA N CF

OPTICAL, Metallic interference filter made in ultraihigh va:,.cum,S OMATERIALS: w elgt=1l nni

NMetallic interference filler made in classical vacuum,
Swvqength=i12l.b nn

0 ~Metallic interlerence filter, wavelenglh= 130 o in
D)ielectric iziterferencc filter, wavelengthT:50() nuix
Ban dpass interference filter, wavelength it: 15 u.
A M + MgI:E metallic m1iirz'Ol on gla,,.S subIlrale nlCas ured at 121 11in1

* AI+MFg in,'tallic inirron oil Kanigei so hsthate at 12 11111
Al i Lii: netallic m irror onl glass substrac at 102 nil

O AIh Lii: netallic mirror on Kanigen sUbI,4trate
SO iPlatinum mirron',-t 121 1111

# Agi1hi", I. etallic nnirroz oin glass sulbst mIt' at 4150 1m111
Ag lihF metallic mirror oil Kamiigei substrate at 450 nmn
D)ielectric mirror at wavelciigth..:2.50 ni i
DI)ielectric inirror at wavelength it170 n11n

* • Metallic selective miirror al wavelength i7 711 ii
* SiO)•.Ti(): dielectric mirrors
___ Antireflection coating in 14-. to lb-u t regi on

_ W AntirvfI t ion coating in 8- to 13-uitt regiOtt
0 I i)icltoietiric separatitn in visible and infrared region at 10 1i ii

0
0

0I ,, ,.O~- - - - - - -
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Atpl#ndi.a • '" ptrimen'ft DeCs(1r~i flnn. ______________________ _________

Experiment A0138-5

0

0

TITLE: Ruled and Holographic Gratings Experiment

N:
LOCATION: B

PRINCIPAL -rallacis Bollneilnasoi Renee Alet
RINVETIATR Instruments SA CNUS/Centre Spatial de Toulouse 18

S.-l%.II! Jobin Yvon Avenue Edouard Belin
Longjunmeau, FRANCE 31055 Toulouse Cedex, FRANCEF

0
0

OPTICAL - Replica trom ruled grating (glass blank -epoxyMATERIALS: photoresist + coating) Type G. Grating characteristic is

1200 G/MNvI blaxed al 250 nim, A I-coated.
-- Originav master holographic gratiug (glass blank +
"sensitive photoresis + coating) Type 11. Grating
characteristic is 3600 G.MM 50.150 nm spectral range, 0
.hplatin ui in-coated.

,on etched original master grating (glass blank +-
coating) "lype Il iIJralting characteristic is 1200 C/MM
"blazed at 250 :.m, Al--coated.
"" Contt'o0 mirrlors (glass blaink i coating)Type W. 0

13 0

K 0S;r .* l.
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"Appendix B, ELxperimewt l.csurition.•

* ;Experiment A0147

STITLE: Passive Exposure of Earth Radiation
Budget Experiment Components

*
.. % • TRAY

LC I OATION: B8, G-12, B)

" PRINCIPAL John. R. I ickey Tlhlomas A. Mooney and Ali
INVUiTIGA, MRS e HiEppley Laboratory, hIc, Smaildewicz

Newport, M Barr Associates

Westford, MA

OI'ICAI. s(I.AR SlENSORS EARIl I ILUX SI;NSORS
M A'1IERIA LS: ('Ihantl #,11tiler/spectral band in Ili None (total tad.) <-0.2 to

uiii/ther-Iopi le] j,50 N3 flat11 plate
SIS Itused si Iica 0. 18 to 3.8 N3 121: None (total rad.) -0.2 to

"* tIhermopile :>S0 Nit I lat plate

2S fused silica 0. 18 to 3.8 N3 131: lulI sed silica
thel t I I Ii Ie hemisphleres (1.2 to 3.8 N3
3S None (total rad.) <0,2 to ,50 N3 1,11. R( -695 glass

I * flat plate hemisplheres 0I.(o9'5 to 2.8 N3

, * 4S OG-530 glass 0,52h, to 2.8 t43 I'lITI.IEY l.A1 M F'FAI. &
5S R( ;-95 glass 0.098 to 2.8 N I 1 )1 FiLE(RI(" ( )AiI N(
(S lIlterterlence filler t).395 to 11.511) M AlI' RRI A ,
N3 ,Zift'Omil)i n ()xidV
".."7S I nterfrnce I iIter 0.3,44 to 0.:40, ZimC StIl ide
7N I t1106 1 'Flho 1uoride

HSIi .terwference filt I i0.301) to 0.( 10 ('ryolite
, NI W L'ead I luoride

4 'IS I nterference Il ter 0.285 to 0.365 Iead Chloride

K2
JOS In terferenice filler 0.250 to 0.320
K2

., lI0(" Nome (otal rad.) <0.2 to >50 Iii:"* rd ,vily

1~i VI i+

•I-, A1i
...... .....
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App'ndi 1 , I-xPerimnt I)•c 'ripticf.• __ _ _

Experiment A0171AO
0

TITLE: Solar Array Materials Passive LDEI hxperinuent
0

TRAY A8
LOCATION: A

0
Ann F. Whitaker & Leightoin E. Young

INVESTIGATORS: NASA Marshall Space Flight Center
MSIFC', Al. -

OI'TI('AL This passive experi inellt conmtains a total of about 100 0
MATIERIAI ,S: materials and material processes which address S

primarily solar array materials, including solar cell-, 0
composites, thin films, paints, metals and other
po1lymers. This database will r cO'd resti Its conIeIni'lg ll
the solai cells only. Seven separate MSI:(' photovoltaic 0
(solar cells) were flown oil this experiment. All tesl 0
articles udiiterwent substantial atomic oxygen erosion of
their polyimide (Kapto n) su bstrate structures with the
effedt that on nlle cttule was lost pjior to orbiter
relldeizv'.ls with Z.I)i"; 03W ,1aille I(OOSCO. 3 dtitted away S
wl lenII)II. was grap pled; and ii1 t. (M:I) was attacihed at

1lly 0m c corner whe, 1.1 ,)E was retrieved. T'Ihe latter 0
was Ifound milo the IIfloor (l the carqo bay whtile 11)EI" was

removed. 0
0

0•

e[

0-

k X

. .' .r .. . . ..



0 Appendi:. B, Exlpfrilenl Descripl(MIs-

• Experiment A01720
0
0
0

TITLE: Effects of Solar Radiation on Glasses

0

* TRAY
* LOCATION: D2, G12

D. Kins'r, R. Weller, M. Mendenhall, 1). Wiedlocher
PRINCIPAL Vacerbilt University

* INVESIIGATORS: Np i TN.

1R. Nichols, L). Tucker and A. Shitaker
Marshall Space Fliglht Center

* NMS'C, AK 35812

O OI"P'ICAL commercial optical fused silica
*MATERIALS: low iron soda-lime-silica glass

O pyrex 7740 glass
* vycor 7913 glass

bk-7 glass
Zel'odur glass ceramic

0
0
0
w
01
0
0
0
0

* h

0. -



Appendix B, EIptriment Descriptions 0
Experiment M0003-2

TITLE: Laser Optics
0

TRAY D
LOCATION: D3, D4, D8, D9•

PRINCIPAL Linda Dle HIainaut

INVESTIGATORS: lULTS
Kirtland AFB, NM 0

0

OPTICAL Ten sets of six samples each (120 surfaces); each set
MATERIAl.S. uniquely exposed; two cotntrolt sets not flown. Each set

contains:

uncoated fused silica (t'22 Supersil-Wi, Amersil, Inc., •
finished at Perkin Elmer) 0
MgF2 coated fused silica (coating is M.G.I).A by ,.M
Chemical ('o; 1/2 wavelength at 1.06 urn; P'erkin limer 0
coater) 0
bare polished molybdenum (low carbon ARC casted 0
bar stock; Amnax Specialty metal) •
molyhdenum coaled with Cr, Ag & "'hF4 (ThFS-('erac,
99% pure; Ag-Marz Wive, 909.99'A pure; ('r-hlectronic
S pace Prod ucts, 99.99% pure)
diamond turned copper ((OF IC) 0
diamond turned Ni plated Cu (Northrup?)

Four sets on Leading Fdge exposed for: 70 in(s., 3 m0os.,
6 •os. and 9 mos.
Four sets on Trailing Edge exposed for: 0 mos., 3 mos., 0
06 mos., a'and 9 inos.

Two sets control samples never flown

0!
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0
* ~ Appendix B, Experiment Descriptions

Experiment M0003- 4
0

0

* TITLE: Advanced Solar Cell and Coverglass Analysis

-- o TRA.Y
*� LOTAI 1)3, 1)4, 1)8, 1)9" •1• ILOCATION:'=-

O PRINCIPAL, Terr'y M. Titumlble

* IN VES1I G.A1It)RS: Aerspace Power Division
SAero Propiulsion and Power I)irectorate
Wright Pattersout AFB, ()11

S1t"I' l. The T Xc expe 2rim e t cOlisists of 48 covy 'rglass sam ples
* MA'I'FRIAILS: and 12 solar cell strings. Sixteen of the coveriglass
*samples were on tile leading• edge and lo on the

t ttrailiitg edge, and 16 oi ilhe b1acksid e o1a tray
protected from direct expoiure to the l.co
environ elent. A I ad.LAiti1OIIl I15 S,11l e 1 1 5 wore u.sed

0 O as control samples and were not ftiviil.

00
0
0
0

0

•0

* B I . . . . . . I .. .. . . . . . . . . . . . . . - . . . .. . .t i . . .. . . .I . .
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Appendix B, l'xperiment Desci'Hltions •

Experiment M0003-. 7

TITLE: Space Environmental Effects on Coated Optics

TRAY )0)D
LOCATION:

PRINCIPAL. "Terry M. I.)orovan, J.M. Bennlit, R.Z.

IN V 1: STA, ItS: )iDalbey and D.K. Burge •
Thin Film P hysics Section
Naval Weapons Center
CChina Lake, CA

0
SOP'TICAL (Si/AhI 03/Ag/Si
MAT1ERIALS: (Si/A I7i0)2/Ag/Mo -

(ZnS/AI2)3)4/Ag/Mo
(Z n S/h F1) SAg/Mo(A 1h0)/Cal: 12

0
0

0
0
0
0

0

0__0

" 12 0

'-':=-S • • -: --" - -- i= = =-i: = • --- - r -• i ' -= -i..... ....
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* Appendix B, Etxeriment D)escriptions

Experiment M0003-110
0

0

* TITLE: C(ontainlination Monitoring
0
0

- TRAY
* �t.LOCA'TION: 1)3,1)4, )8, 1)9

SIRINCIPAI.. Eugenie Bcrson
The Aerospace (Colpo ration

1 N V SICATO RS: Los Angeles, ('A
S

OII(tC7A 1. L.ow Scatter, Bllack ( lass Mirror
NMATERIALS: Aluminized, Flused Siliica Mirror01z,

* 1i'roilt Surface

Low Scatter, Nickel Mirror
L.ow Scatter, (;old (Coated Ni ckel Mirrors
Gold on Copper Mirror

--- O KRS-5 & Zinc Sclenide Multiple Internial
- Retlectance lemients

Aluni in ized, Fused Sili ca Mirror, Second
Surface

0
0

0

0

* ', 13

@ W~ 4~l ~ W. W - -
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Appeidix B, Jl'xperime'lt Descriptions

Experiment M0003-14
0
S

TITLE: QCM Monitor 0

TRAY D3, D9
LOCATION:

PRINCIPAL W.K. Stuckey, and G. Radhakiishnan 5
INVESSTIGATORS: Aerospace Corporation

D. Wallace S

OPTIICAL Qulartz Crystals
MATERIALS: Coated with 150 A' of InO./9000 A (AL+AhO.,)

Quartz Crystals
Coated with 150 A of ZnS/9000 A (AL+ALO.,)

0
I I I 1I II " l 0



--=0

Appendix B, Experiment De)scr•ptions

* Experiment S00140
0
0

TITLE: Advanced Photovol taic Experi micii (APEX): Preliminary
* Flight Results and Post-Flight Findings
0

TRAY
LOCATION: E90

0

IPRINCIPAL lavid j. Brinker, John Hickey& The Eppley

INVESTIGATORSN David Scheiman Laboratory, Iic.
* NASA Lewis Research Center Newport, RI
* Cleveland, 011

0
SOPTICAL APEX SOLAR CLLI, TYPES

M ATERIALS: Silicon: BSR/BSF, violet, vertical junction, textured,

5.9 cm PET, 2 mil thick
* Gallium arsenide: IPE
0 Standards: Balloon, rocket, airplane, radiation

damaged
Goverglass: tused silica, V-and U-grooved, ceria
doped Inicrosheet

* ABSOLUI'L CAVITY RAI)O()METER
* I)I.I'GIAIL ANGLI SUN SENSOR

0
0
0O
0

0--
0-•_
0
0

0
0
0
0
* II 15
0•
0
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Ap;N'endix B, Experiment D)esccrilptions 0
Experiment S0050

0

TITLE: Effects of Long Duration Exposure on Active Optical
System Corn ponents

TRAY E5
LOCATION: E

PRINCIPAL M. Donald Blue

INVESTCIGATORS: Georgia Tech. Res. Institute
Georgia Inst. of T'echnology
Atlanta GA

OPTICAL PASSIVE ('OMI()NEN"i'S ACTIVE COMP'ONENTS
MATERIALS: Black Paint Samples ADP Modulators 0

Neutral l)ensity Iilters Channeltron Array •
Narrow-Band Filters .aAlAs laser Diodes
Laser Mirrors GaAsl' L0I)
lilot-Mirror Filter Nd: YAG Rods 0
lyyman-Alpha Filter ('02 Waveguide Laser •
UV Filter lb00A IteNe Laser I lolographic
LiF Window Crystals
AIMgI:2 Mirror Laser Flash Lamps •
Optical Glasses •
MglF2 Window DIKIECT( )RS•
AI,, Window Silicon PIN
35-nui U V li in Silicon 1PV -
Various ()ptical (Glasses Silicon (;an ma.-Ray -
Black Polyethylene InGaAsI' PV •

SInSh PVNI'S 0
PbV 01(lSe 0 0

I lgCdle PC •
PdSi Arrays
-'yroelectrics •
UV NIMT4
UV Silicon •

B 10
--- __ 0 -

J .. ..... ..

I ! I ! I0
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0 Appendix B, Experi-ment Descriptions

* Experiment S0050-1.

* TITLE: Effects of Long Duration

*O Exposure on Optical Systems
Components

* TRAY
* ILOCATION:

0

PRINCIPAL Gale A. Harvey

INVESTIGATORS: NASA Langley Research Center
*lamplon, VA0

OPTICAL. OPITICAL WINDOWS
M MATRIA1,S: CaF"

* Mgl2
L~ill"

* AhA),(synthetic Sapphire)
* SiO)

0
0

-0
0

0
0
0
0
0
0
0

"- 0
0- 4 I__ _ _ _ _ 17_ _ _.--__ _

i * ,"- -B 7 1 I I I I -.
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Appendix B, I-.erinment D)escrip•ions

Experiment S0050-2

TITLE: Effects of Long Duration Exposure on Optical -

Substrates and Coatings 0

0

TRAY E5 0
LOCATION: 0

0---

John Vallinictt and Keith Havey
PRINCIPAL Eastman Kodak Company 0
INVESTIGATORS: Rochester, NY 0

0
OPTICAL Kodak included 12 substrate and coating samples on 0
MATERIALS: the LDEF structure. There were 3 fused silica and 3 0

Ultra Low Expansion (ULE.) uncoated glass samples, 0
2 ULE samples with a high reflectance silver
coating, and 2 fused silica samples coated with an 0
antireflectance (AR) coating, and 2 fused silica 0
samples with a solar rejection coating. The samples "
were 32 mm diameter by 1 mm thick. A set of
duplicate control samples was also manufactured
and stored in a controlled environ ment for 0
comparison purposes. ULE glass is described as not
tolerant of the radiation environment, and was -
expected to show some radiation darkening.

0
0
0

=~0.

0-

-• ~i• 18 0

0-
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0 A~ppendix B, l•xperime'nt D)escriptions

* Experiment S0050-20
0
0

TITLE: Effects of Long Duration Exposure on Optical
Substrates and Coatings

0
"" TRAY

LOCATION:

* O'PRINCIPAL. John Vall imont and Keoith .i'. ey
Eastman Kodak Company

SINVSTIGAOS: Rochester, NY

S
0 OI"I'iCAL Kodak included 12 substrate and coating
* NMATERIALS: s uamples on the LDIEF structure. T!h'ire were 3

* fused silica and 3 Ultra Low Expansicin (UI,I,;)
uncoated glass samples, 2 UL.' samples wiih ii
high reflectance silver coating, and 2 lused
silica sam ples coated with an antireflectance

* (Alt) coating, and 2 fused silica samplls with a
solar rejection Coating. Ihle samples were 32
num diameter by 1 mm thick. A set .l LItupliicat

-*. • control samples was alsoi mantufactured and
stored in a controlled envirion met for
coinlaIuison p tI'pMtOWS. U1L" glass is described
as niot tolevant of tile radiation eitviomune:It,
and was expected to show some 'adiation

* darkening.
0

0
0
0
0
00

0
0-I _ _ _ _ _ _ _ _ _ _ __ _ __

*I ~

0,°
__0 .. . . . . . . . •. . . . . . - • ". . . '- ' ' • • • _ - -II•. ; i i i i ii nin "w m i i i i~
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• APPENDIX C
* LIST OF REFERENCES

* C.1 REFERENCES FOR CHAPTER 3
0

S1. Kinard, W. H. and Marlin, G. D., Long Duration Exposure Facility (LDEF) Space
* Environments Overview. LDEF--69 Months in Space, First Post-Retrieval Symposium,

NASA Conference Publication 3134, Part 1, June 1991.

O 2. Sawyer, Donald M. and Vette, James I.,AP-8 Trapped Proton Environment for Solar
-- OMaximum and Solar Minimum, National Science Data Center, Goddard Space Flight
* OCenter, NSSDC/WDC-A-R&S 76-06, 1976.

0 3. Teague, Michael J. and Vette, James I., A Model of the Trapped Electron Population
* for Solar Minimum, National Science Data Center, Goddard Space Flight Center,
* ONSSDC 74-03, 1974.

O 4. Vette, James I., The AE-8 Trapped Electron Model Environment, National Science Data
* Center, Goddard Space Flight Center, NSSDC/WDC-A-R&S 91-24, 1991.
0
O 5. Watts, John W., Armstrong, T. W., and Colborn. B. L., Revised Prediction of LDEF

Exposure to Trapped Radiation, LDEF Second Post-Retrieval Symposium, NASA
* Conference Publication 3194, Part 1, 1993.0
* 6. Blake, J. B. and Imamoto S. S., A Measurement of the Radiation Dose to LDEF by

Passive Dosimetry, LDEF Second Post-Retrieval Symposium, NASA Conference
Publication 3194, Part 1, 1993.0

S7. Bourrieau, J., LDEF: Dosimetric Measurement Results (AO138-7 Experiment), LDEF
-- Second Post-Retrieval Symposium, NASA Conference Publication 3194, Part 1, 1993.

* 8. Frank. A. L., Benton, E. V., Armstrong, T. W., and Colborn, B. L., Absorbed Dose
* 0Measurements and Predictions on LDEF, LDEF Second Post-Retrieval Symposium,
• gNASA Conference Publication 3i94, Part i, i993.
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_ •APPENDIX D
* LIST OF ACRONYMS

* AO Atomic Oxygen

APEX Advanced Photcvoltaic Experiment

AR Antireflectance

* BER Burst Error Rates

* BMDO Ballistic Missile Defense Organization

* BRDF Bi-directional Reflection Distribution Function

* CN Cumulative Number

SDHW Double Halfwave

DNA Defense Nuclear Agency

DoD Department of Defense

* DPCA Data Processor Control Assembly

* EO Electro-optical

* EDAX Energy Dispersive X-ray Analysis

0 EPDS Experiment Power & Data System

S ESCA Electron Spectroscopy for Chemical Analysis0
EUV Extreme ultraviolet

* FO Fiber Optics

SrITIR Fourier Transform Infrared

SGEO Geosynchronous Earth Orbit

HRSMI High Resolution Scatter Mapping Instrument

0 IF Interference Filter

SIMMA Ion Microprobe Mass Analyzer

* IR Infrared

* KSC Kennedy Space Center

* LDEF Long Duration Exposure Facility

- LEDs I ;gbt Emitting Diodes

LEO Low Earth Orbit

MEO Medium Earth Orbit
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D, List of Acronyms

MIL-STD Military Standard

MSFC Marshall Space Flight Center "

MTF Modulation Transfer Function

MTM Magnetic Tape Memory

NASA National Aeronautics & Space Administration

NEFD Noise Equivalent Flux Density

NORAD North American Aerospace Defense •

NRZ Non-Return-to-Zero

OTDR Optical Time-Domain Reflectometer

PL Phillips Laboratory

PNTDs Plastic Nuclear-Track Detectors 0
QCM Quartz Crystal Microbalance

RCVR Receiver

SEM Scanning Electron Microscopy

SNR Signal-to-Noise Ratio

SPENV Space Environment

SSM Second Surface Mirror -

SSN Sunspot Number •

TC Thermal Control

TRW Triple Halfwave

TIS Total Integrated Scatter

TLDs Thermoluminescent dosimeter

ULE Ultra Low Expansion

USAF United States Air Force

UV Ultraviolet 0
XPS X-ray Photoelectron Spectoscopy 0
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* APPENDIX E
-- L DEF PHOTOGRAPHS AND DATA REFERENCES

= O This appendix contains the photographs, data graphs, and reference citations for data

referred to in Chapter 4. For each graphic presented, the literature source for the information,--
-- O the experiment number on which the sample was flown, and a brief comment on the graphic are

* presented to allow the reader to correlate this information back to Chapter 4 directly.
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REPERIENCE: Mesihnk0i. yiv3-2RPace, ..

COMMENTS: Local radial cracking which does not propagate a
great distance from impact site.
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0, 0

Figure EA3 SEM of Impact on Fused Silica

REFERENCE: Wiedlocher, David E., and Kinser, Donald L.,
Cratering in Glasses Impacted by Debris or
Micrometeorites, LDEF Second Post-RCtricvW
Symposium, June 1992. p. 537

EXPERIMENT: A0172
COMMENTS: Jettirig molten glass extends fmrn crater. Fibe-rs

100 pm long extending from impact zone.
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0j
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A0Aq

* Figure E.6. SEM of Impact on Pyrex

0EEEC: WelceDvdE.adKncDnl .

REPERIENCE: Ai0172 .Dvi . adKnsi onl

*COMMENTS: Damage extends five times central pit radius.
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0

Ld•

S

Figure E.7. SEM of Impact on Pyrex

REFERENCE: Wiedlocher. David Ei., and Kinser, Donald L.,
Czatering in Glasses impacted by, Debris and
Micrometeorites. LDEF Second Post Retrieval
Symposium. June 1992, p. 538

EXPERIMENT: A0172
COMMENTS: Unsymmetric splash due to oblique impact. Crater

is circular.
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1 "1
CENTRAL MELT CRATER SPALL SURFACE

SAMPLE PIT DIAMETER DIAMETER DIAMETER

(wm) (pm) (pr0)

BK-7 40 100 200 0
Fused silica 50 120 250

Soda-Lime-Silica 80 175 475

Pyrex 85 20G 400

Zerodur(l) None Measured 100 275)

Zerodur(II) 75 200 400

Zerodur(III) 50 150 300 0

0

Figure E.9. Impact Site Damage Size

0_

0-

REFERENCE: Wiedlocher, David E., and Kinser, Donald L.,
Cratering in Glasses Impacted by_ Debris or 0
Micrometeorites, LDEF Second Post-Retrieval
Symposium, June 1992. p.53 4

EXPERIMENT: A0172 0
COMMENI'S: Spall surface diameter on the order of factors of 2 0

or greater than the ciater diameter.
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0
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0
00

100,

R
0 A7o0

4 -50-- - PRE-FLIGHT

T 30 POST-FLIGHT
-A AFTEH CLEANING

* N 1 0

E 350 400 450 500 5,50 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200
WAVELENGTH (nm)

~0

0
"0

• Figure E.10. Spectral Transmission of Uncoated Fused Silica

REFERENCE: Havey, Keith. Mustico, Arthur, and Vallimont,
John, Effects of Long Term Space Environment

-5 Exposure on Optical Substrates and coatings
(S0050-2), LDEF Second Post-Retrieval
"Symposium, June 1992, p.1394

* EXPERIMENT: S0050-2
COMMENTS: Cleaning returned performance to pre-flight values.
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% 100

T 90 donne- - - - - - - - - - -

A
N 70

S 60----------------- . - - - - -

M 5------------------- SI O '-1 40
T 30

A 20--
N 10---
C 01

E 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

WAVELENGTH (nm) 0

Figure E.I1. Spectral Transmission of Uncoated ULETM Sample

REFERENCE: Havey, Keith, Mustico, Arthur, and Vallirnont,
John, Effects of Long Term Space Environment -
Exposure on Optical Substrates and coatings
(S0050-2), LDEF Second Post-Retrieval
Symposium, June 1992, p.1394 0

EXPERIMENT: S0050-2
COMMENTS: Cleaning returned performance to prc-flight values.
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T Ratioed
R UV Transmission of CaF2 Window
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A /
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201:300 )so '

WAVELENGTH (inm)

Figure E.12. Ultraviolet Transmission of CaF 2 Window

REFERENCE: Harvey. Gale A.. Effects of Long-Duration
Exlpxsurc on Optical System Components. LDEF

First Post-Retrieval Symlx)sium, June 1991,
p. 1338

EXPERIMENT: S0050-1
COMMENTS: Organic film on both sides. Catastrophic loss in

U V transmission. Transmission increases from
almost zero at 200 nm to 50 percent at 380 nm.
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UV Transmission of MgF,, Winaow
% 100- C to

R 80.~
N

S60~
M -

I -nFlight -- .-

T 40

N 2

20 3b0

WAEEGH(nm)0

Figure E.13. Ultraviolet Transmission for MgF2 Window

REFERENCE: Harvey, Gale A., Effects of Long-Duration0
Exposure on Optical System Components, LDEF
First Post-Retrieval Symposium, June 199 1.p.I133 9

EXPERIMENT: S0050-1 q
COMMENTS: Organic film on front side only. Catastrophic loss

in UV transmission.
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* ~~Appendix E, LDEF Photographs and Data References______________

* LOEF MgF2 Window Samples

0.9 OSF O Y 1 U 90

0.
0.78

0.0
0.7

* 0.4

S 0.5

C 0.24

S ~0.13

* ~0.

1025 11)6 1162 1216 1254 1330 40i 1808 1800 2000

*ave.-gth (A)
U CONTRý. t FC.H

* Figure E.14. Vacuum Ultraviolet Transmission for MgF2 Window

*REFERENCE: Harvey. Gale A., Effects of' Long-Duratioui
Expo~sure on Oplical S-ystem Compo~n ins, LDEF

* Fi-si Pos[-Rctr-icval Symp~osium.Juneiic99i.p.i 34fl
*EXPE R IM ENT: S05-

COMMENTiS: Caiastrophic loss hin UV tranismission.
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UV Transmission of LiP Window

100

T - Controls

R 8o~
A
N.
S 60

MS
T 40

A 20 S
N -' Fight0

WAVELENGTH 0nm

Figure E.15. Ultraviolent Transmission for LiF Window

REIFERENCK: Harvey, Gale A., Effects of Long-Duration
Expo~sure oil Optical Systemr Components, LDI3F0
First Post-Retrieval Symposiumn, June 1991,
p. 1339

EXPE'RIMENT: S0050-1
COMMENTS: Organic film on both surfaces. Catastrophic loss in

uV.0

E- 16



0 Appendix E, LDEF Photographs and Data R~ferences

* LLEF LiF Window Samples
~ ______GSFC 4 Maly 1990

* 0.6

0.7

0.8

0 v 0.5

C 0.4

0.2

* Flight

1025 1116 1162 12416 1'2i54 1336 140.3 1&08 1'800 2000

0 F Nght 0 otoJj C.rt,. 12 4 Controi I.3

* Figure E.16. Vacuum Ultraviolet Transmission for LiF Window

*REFERENCE: Harvey, Gale A.. Effects of Lonp-Duration
Expo~stre on Optical Systcmr Comporicnts, LDEF

w First Post-Retrieval Sym~posium, June 1991.
EXPERIMEpT 1340
EXPERMENT: S0050-1

* COMM'ENTrS: Catastrophic loss in UV.
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0
S~0
S~0

-- 0

SPRE- T POST- AFTER CONTROLSAMPLE LIGHT FLIGHT CLEANING SAMPLE 0

Fused Silica 9.26T 35.3C 2.27T 10.7T 0
IJI-ETM 9.51T 38.5C 8.OT 17.1T I

T indicates tension stress
"C indicates ccxnpression stress

S~0-

Figure E.17. LDEF Uncoated Refractive Optics Stress Data

REFERENCE: Harvey, Gale A., Effects of Long-Duration
Exposure on Optical System Components, LDEF
First Post-Retrieval Symposium, June 1991,0
p. 1340

EXPERIENT: S0050-1 G
COMMENTS: Catastrophic loss in UV.
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STRENGTH STRENGTH STRENGTH STRESS STRESS 0
SAMPLE (MPa) DEVIATION CONTROL DEVIATION CONTOUR

(Ma)_(Mpa) (Mpa) (Mpa) (% Max)

BK-7 Glass 126 8 124 F 10

Fused Silica 97 4 97 4 38

Soda-Lime- 104 4 100 9 35 0
Silica

Pyrex 105 7 I11 4 10

Vycor 101 5 103 4 No Impact

Zerodur (1) 129 8 128 5 3C

Zerodur (II) 129 8 128 5 50

Zerodur (III) 129 8 128 5 25 0

Figure E.19. LDEF Mechanical Strength Data for Uncoated Refractive Optics

0
0
0

REFERENCE: Wiedlocher, David E.. and Kinser, Donald L., 0
Cratering in Glasses Impacted by Debris or 0
Micrometeorites. LDEF Second Post-Retrieval
Symposium, June 1992, p. 534

EXPERIMENT: A0172 0
COMMENTS: None.

E-2
0

E-20 0
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Appendix E, IDEF Photographs and Data References ,

3.4 u Absorption on Front Surface of MgF2 Window
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* Appendix E, IDEF Photographs and Data References

* 3.4 [t. Absorption on LiF Window

*j

*C
*,l. &o 25 -00 25 30 00 IO

Fiur E.2 .pAsrto nFrnSufcofi Wdw

0EFRNE avy aeA.Efcso ogDrto
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FiszotRtivl Sy psu . Jn 91
p.13

EXEIET \\ //0-1
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Appendix E, LDEF Photo grap~hs and Data References0

Fiur E.23. Fil on Li Window

COMME Figur Surfac Film n appar Winaydow.

E-24



* Appendix E, LD EF Photon raphs and Data Referenices
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Appendix E, LDEF Photographs and Data References

3.4 g Absorption on Si02 Window

Za'

L ~-- ---- ____ ----

a'.~o -0 7cc ?11 zS. :1~ 21 1gc : L cc0
LJ(WENuffEElS

Figure E.25. 3 .4 p Absorption on SiO2 Window

REFERENCE: Harvey, Gale A.. Effects of Lon.g-Duratiori
EXI)Osure on Optical System Comlxments, LDEF RP
First Post-Retr'ieval Sympo3sium, June 1991,•
1). 1338

EXPERIMENT: S0050-1•

COMMENTS: Little change in transtnittao•ce due to contamination•
o i l S i 0 2 ,

E-26•



0 Appendix E, LDEF Photographs and Data References
0
0
0
0

3.4 g Absorption of CaF2 Window

1 ,
0

S• ~Figure E.26. 3.4pu Absorption on Front Surface of CaF2 Window

*

SREFERENCE: Harvey. Gale A., Effects of l~ong-Duration
Exlogsure on Optical System Components, LDEF

S~First Post-Retrieval Symposium. June 1991.
p. 1335

•i•EXPERIMENT: S0050-1

SCOMMENTS: Little change in transmittance due to contamination

S~on C'aF..

0

00 E-27 _ _ __ _0o /?~ 7Q25 60?EG 902~ 003~O~
. , "' I i E 4 k 6 1



Appendix E, LDEF Photographs and Data References

10-2 
MgF2 Coated Fused Silica

EBBE30-EI C27FCQC - Control Sample
Akk&A T43EC03 -- TE, 3 months
O L47ECQ9 - LE. 9 months
***** L53ECQ7 - LE, 70 months

01
Measurement Wavelength = 0.633 •tmn

U)

lo -4 --:

0-•

M F10 -•

10 -0

11mrT-T-rTn-trrrT-rr= T7-i-1-1 - n i- 1 1 -r T I IT---T-- T- 7 lm l FrFr1r F T-r7T-rTr-FrTT7 -TT-F rl-T-

50 60 70 80 90 100 110 120 130
BRDF Scan Angle (degrees) -

Figure E.27. Graph of Scattered Intensity vs. Detertor Angle for
Four MgF2/Fused Silica Samples

REFERENCE: DeHainaut, Linda L., Kenemuth, John R.,, Tidier,
Cynthia E., and Seegmilier, David W.. DLc.radation
of Optical Componcnts in a Spa: - ' ,vironment,
LDEF Second Post-Retrieval Symposium, June
1992, p. 1361ff.

EXPERIMENT: M0003-2
COMMENTS: Leading edge showed less scatter (coating removal

by atomic oxygen). 0

E-280

Ill I.... • 0
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*O Appendix E, LDEF Photographs and Data References

1 3U8 MICRONS WAVELENGTH, •ANGLE OF INCIDENCE0 -0-,- - -

103

S102 
RAW BRDF

-0- CONTOL SAMPLE(C)

O 101 .... - -- I-- L.EJ BRDF

0 '100
* _*

do 10-,

%-10"4,

O 
10,

* 0 10 20 30 40

* DELTA THETA
(degrees)

* Figure E.28. BRDF Measurement for Silver-Coated Fused ULE'IM

REFERENCE: Havey. Keith, Mustico, Anihui, and( Valliniont,
John, UEtfccts of Long Termi Space LIIlV~ilOIIIIIcill

BxIn)slirC O( 0)n COpticS0)al SjsI*ics ,Iili (1Cotinlgs
050050-2), LDFF Second lN)st-Retrieval

* ~Synixsiuzn. June 1992.,1).1396
* EXPERIMENT: S0050-2

COMMENTS: IncreaLse in scattering.

- O-29
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Appendix E, LDEF Photographs and Data References

0

% 100 ...

A
N 7

S 60--
M 50--
I 40

T30•
T

A 20
N lo- -

C 0 . .5. .1512
E 350 400 450 500 550 WO 650 700 750 8O0 850 900 950 1000 1050 1100 1150 1200

WAVELENGTH (nm)

Figure E.29. Transmission for Fused Silica SýAar Rejection Coating

REFERENCE: Havey, Keith, Mustico, Arthur, and Vallimont,
John. Effects of Long Term Space Environment
Eposnre on Optical Substrates and Coatings

(S0050-2), LDEF Second Post-Retrieval
Symposium, June 1992, p.1395

EXPERIMENT: S0050-2
COMMENTS: Cleaning returned performance to pre-flight value.

E3

E-30



.0Appendix E, LDEF Photographs and Data References
0
0

0
S

OM
0

* T 0

R ,,, _.

0 A 20 ;

S60---------------------------

N 10
* T --- -- - -- - -

T 0 1 ,--
E1 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

WAVELENGTH (rnm)

0

0

* Figure E.30. Reflectance for Fused Silica Solar Rejection Coatings

O REFERENCE: Havey, Keith. Mustico, Arthur, and Vallimont, [

0i
John, Effects of Lon, Term Space Environment

U Exposure on Optical Substrates and Coatings(SH050-2), LDEF Second Post-Retrieval

Symposium, June 1992, p. 139 5

*EXPERIMENT: S0050-2
COMMENTS: Cleaning returned performance to pre-flight value,

0I0
0
0
0• •-

*: E-

, 0 r -q ii i ii i - - - -ii I i I-
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Appendix E, LDEF Photographs and Data References 0
0
0

0

100T .... .--..

R 90- - - - - - - - - - -

A 80 -

N 70
MS60••. /,

M
1 5O

T 40-

A
N 20 "

C 10-----------------------------I
E 0 _

350 400 450 500 550 600 650 700 750 800 850 900 95W 1000 1050 1100 1150 1200

WAVELENGTH (nim)

0

0

0
0

0

0

Exposure on Optical Substrates and CoatinM s
(S0050-2), LDEF Second Post-Retrieval
Symposium. June 1992, p. 1394

EXPERIMENT: S0050-20
COMMENTS: Cleaning returned perfonmance to pre-flight value. 0

0
0
E

0
EXERMETS05- 0

0



Appendix E, LDEF Photographs and Data References

%00

T
* R 90

M---------------------------m.-P E-FLIGHT
* so POST-FLIGHT
ST 4 AFTER 3 HRS OXYC7EN PASMA _,T-AFLING

"A

*350 400 450 500 550 60O 650 700 750 800 &50 900 950 1000 1050 1100 1150 1200

WAVELENGTH (nni)

Figure E.32. Transmission for Anti-Reflection-Coated Fused Silica0l

01

Wfr*.F E R FNCE.-, Havey, Keith. Mustico. Arthur, and Vallimont.
John, Effects of Long Term Space Environment

0 Exposure on Optical Substrates and Coatings
• (S0050-2), LDEF Second Post-Retrieval

Symposium. June 1992, p. 139 3
EXPERIMENT: S0050-2

• COMMENTS: Normal cleaning methods ineffective. Exposure to
atomic oxygen needed to improve perfornance.

0-_ _ _ - _ ___ _ _ _ _

* 1E-330°
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Appendix E, LDEF Photographs and Data References 0
0'

0

SAMPLE PRE- POST- AFTER CONTROL
FLIGHT FLIGHT CLEANING SAMPLE

Fused 15.6T 16.T 20.1T
Silica/AR

Fused Silica/ 676C 553C 569C 557C
Ag

Fused Silica/ 0
AgfUncoated 210T 185T 160T 150T 0

side

ULE-M /Ag 14.5T 33.1C 9.OT 15.41"

T indicates tension 0
C indicates compression

0
0
0=
0•

Figure E.33. LDEF Stress Data Base For Coated Refractive Optics
0-

0-

REFERENCE: Havey, Keith, Mustico, Arthur, and Vallimont,
John. Effects of Long Term Space Environment 0
Exposure on Optical Substrates and Coatings
(S0050-2), LDEF Second Post-Retricval
Symposium, June 1992. p.1 39 2

EXPERIMENT: S0050-2 0
COMMENTS: Contaminants did not introduce appreciable stress.

0

E-34 0 -
0lr



* Appendix E, LDEF Photographs and Data References

Fiur E.34.Ima ct Efet on Fue Siic

Buge ---n nd Gyt_..S. ,

- 0

*-- Figure E.34. Impact Effects on Fused Silica_

* REFERENCE: Donovan, T.M., Bennett. J.M., Datlbey, R.7..,
Burgc, D.K., and Gycivay. S..Snc

* Environmental Effects on Coated Optics. LDEF
First Post-Retrieval Symposium, June 1991,
p. 1370

* EXPERIMENT: M0003-2
* COMMENTS: 70-monlh exposure produced localized chipping

and fracture extending many particle diameters.

E-35



0

Appendix E, LDEF Photographs and Data References 0
0

mm 0

S~0
-- 0

-- ~0-
S~0-

0-
e E.35. F r Z s o F40

Figure E.35. Fracture Zones on Fused Silica 0

REFERENCT: Donovan TM.. Bennett, J.M., Dalbzy, R.Z,.
Burge. D.K., and Gyetvay. S.. Sace__V
Environmental Effects on Coated Optics. LDEF O"

.zFirst Post-Retrieval Symposium, Juiie 1991,
S~p. 1370 9

-:EXPERIMENTr: M000)3-2

COMMENTS: 70-month exposure produccd many impact sites
which wae potential areas of high scatter and 0
absorption.

E-360

•-- O0
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* Appendix E, LDEF Photogr-aphs and Data References

0l:

0 ..c4...',

Fiur E.6 Arpoorp o aeS usrt

*EEENL 7'laSe a. cop- CroainL

'Iter on (li sufae

0 ' .' **-fT...~E-37.
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Appendix E, LDEF Pho;ographs and Data References __--_--

-'Ji ... . ...... . 0

R . ;. I

_. Figure E.37. Scatter Map of Impact Site for Fused Silica••
•J 0-

IJIIiI II

-- "REFERENCE : DeHairiaut. Lindia L.. Kenetnuth. John R., Tidier. ,

Cy ti E.. and occginil ,. '"avid W ., Degqradation
of Optical Coinponents in a Space Environment,
LDET Second Post-Retrieval Symposium, June

1992,1). 1371
EXiPERIMMN': M0003-2COMMENTS: 70-month Scposure. Scatt ite nsity from cratS r

is five orders of mngnitude fluit of background.•
Fracture lines are high scatter sites.

E-38

LDEPSecnd ostRetieva Syposum°Jun
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Appendix E, LDEF Photographs and Data References

0LIx lj;%
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Appendix E, LDEF Photographs and Data References

Uncoated Fused Silica
10 Exposure: Leading Edge, 70 Months 0
10 t Measurement Wavelength 0.633 :im -

/ 0
10 -A 0

-A-

- Incident Beam: S--polorized C

10 -6 Detected Beam: P-polarized Unexposed Suriace

-L U3EsuBo No Cleaning of Siface
0• A* -A-, Air Poof of Ent;"e Surface

0m0 Aicohol Drag of 1/2 of Surface

10

10 - -"-i--i 71r -rfrr T-1--T -17-1 --fI- T - -t- T-T" - II' - I- T r'V t T11 1 1-I0 10 20 30 40 50 .o 0
D)etector Argle Relotive to Sanmple Normal (degrees)

Figure E.39. Effects of Cleaning on Fused Silica Scatter

REFERENCE: DeHainaut. Linda L., Kenernuth. John R., Tidier,
Cynthia E., and S.•cegmilicr, Davi-dW., Diadati a
of OQtical Components in a Space Environment,
LDEF Second Post-Retrieval Symposium, June
1992, p. 1372 •

EXPERIMENT: M0003-2
COMMENTS: 70-month expo)surc. Cleaning rcduccd scatter three

orders of magnitude.

E-40 -

0•



- =Appendix E, LDEF Photographs and Data References
-0

_ •Uncoated Fused Silica

S~LE, 9 months

L E , 7 0 m o nth s 
L

S-6. Sample Exposed Control Sample
.n 0on TE, 3 months

- Measurement Wavelength = 0.633 [tin

Clean Superpolishe .

ou Sbst rat a

S• ~ ~~~~~10 -- - I nTTT, nT V rn-T-- Tq-T "rr-l-r-r rv-T r-v1- t--r~ I-'1'--'--r--r-1-r--r"I--T- 'T'r-l-Fl-1

10 20 30 40 50 60

*• Detector Angle Relative to Sample Normal (degrees)

* Figure E.40. Exposure Effects on Fused Silica Scatter

REFERENCE: DeHainaut, Linda L.. Keneinuth. John R., Tidier,
Cynthia E., and Seegmilier, David W., Dcgradation
of Optical Comtxmcnts in a Space Environment,
LDEF Second Post-Retrieval Symposium. June
1992, p. 1372

* EXPERIMENT: M0003-2
COMMENTS: Leading cdgc 70-month exposure simila to

9-month exposure.

* E-41
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Appendix E, LDEF Photographs and Data References

1216 AL-MGF2-- MIRROP
ON B1G64 GLASS SUBSTRATE

- FLIGHT SAMPLES

.0REF LECTANCE

0.7

*Ime

0.4 ~nsidL-

00 L r.. 'r-T..r..if i ~rr 7-t i,)-T 'r-r-Ir r I~ - I-rr-r'.. -Tr --ri-1 '-r-r-rT f Tu t S r(jU
1200 1300 1'100 1500 1600 1700 1800 19WO 2000

______________ F1\'ll LEIý IGTH, (HHGSiPOL-M)0

Figure E.41. Reflectance Measurements for AI-Mg2/111664 Glass Mirror

REFERE~NCE: Charlier, Jean. Vacuum Deposited Optical Coatings
Experiment, LDEF First Pusi-Rejijeval
Symposium. June 1991.1p. 1354

EXPERIMENTr: A0139-4
COMMENTS: Outside/insidc samples have significantly reduced0

reflectance over all wavelengt hs.

E-40



* ~Appendix E, IDEF Photo graphs and Data References

THF4 PROTECTED AC MIRROR
* ~ON 81664 CLASS SUBESTRATE

* ~FLICNT SAMPLES

* .0 REEFLECTANCE

0
00.9

0

* 0. 85 L si0
* -PUS st f 1 91-

0 outside

-pre- 4 1 ij i!

* 400 600 800 10I0 I1.00

0 LJF1VE.-t FI'J(EH (Ný0METER)
0 _ _ _

* Figure E.42. Reflectancve Mewsuremeneits for ThF4-Ag/B 1664 Glass Mirror

0
0
0
0
0
0
* IIEFERlENCIL: Charlier-, Jean, -Vacuutm IDeposited Optical Coafings,

Expedinent, LDEiP First lPost -Retr-ieval
* Synim~sium, June 1991, 1p. 1354

*F~XPERIMENT: A0138-
CJONMMENTS: Outsidle/inside samp)[les showed fltitl change in

0 ~reflectance.

174



Appendix E, LDEF Photographs and Data References

AL203 PROTECTED RA; MIRROR
ON KPNIGEN SUBSTRATE

FLIGHT SRMPLES
REF LECTRNCE1.00k 6.•,-, ..

0.95

0.90 "=PCST .+ I~'
r .. .. . " . . .1e i n

O.r-- 65:sd
s , "i r-E?

outsice

0.80 U 7 S- 0•i i i I I I I I I 1 1i " I 1 I I I I

400 GOO 800 1000 1200

WHVELENGTH (NRNOMETER)

Figure E.43. Reflectance Measurements For Al 20 3-Ag/Kanigen Mirro"

0

S

REFERENCE: Charlier, Jean, Vacuum Deposited Optical
Coatings Experiment, LDEF First Post-
Retrieval Symposium, June 1991, p. 1358

EXPERIMENT: A0138-4
COMMENTS: Outside/inside samples had significantly

reduced reflectance except at the blue end.

E -44



- Appendix E, LDEF Photographs- and Data References

-•1216 UV RL-MGF2 MIRROR
"ON KANIGEN SUBSTRRTE

FLIQHT SRMPLES
-- REFLECTRNCE

00.9

* 07

S_¢•m lw•Um m m m t ,.
-- O6

re , -- -- --

* 0.3 .... . .Pre- 11ihtSijnside
* •0.2 - . . . . . . . . . ..

*0.1 auisicie
• Im posr'- ign-

0. 0 - -rri-r.o-u -*rSr�r--r-r-rr.. ,-r-- rrr-rC-rr-- rr-ý-- ---r o utside
* 1200 1300 1400 1500 1600 1700 1800 1900 2000

WRVELENGTH (F3NCSTROEM)

* Figure E.44. Reflectance measurements for AI-MgF 2/Kanigen Mirror

0

* REFERENCE: Charlier, Jean. Vacuum Deposited Optical Coatings
Experiment. LDEF First Post-Retrieval

* Symposium, June 1991, p. 1355
* EXPERIMENT: A0138-4

COMMENTS: Inside sample had significant reduction in0 reflectance at upper end. Outside sample had
0 significant reduction across the entire band.

E0
--0

_ @ 5-45
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Appendix E, LDEF Photographs and Data References0

250 NM DIELECTRIC UV MIRROR0
ON BlGG4 CLASS SUBSTRATE

REFLECTANCE FLIGHT SAMPLES
1.0

0.9 ON

0.0

0.50

inside
0.3 p re- -' Ii ght

insic9 .0C
0.2 

______f 
light__

0.1 4____ ot0d1

Figure- ~: : i 7 -

200 230 260 2900

WAVELENGTH (NANOMETER)

FiueE.45. Reflectance Measurements for 250 umn Dielectric/G lass Mirror

REFERENCE: Charlier, Jean, Vacuum Depasited Optical Coatings
Experiment, LDEF First Post.Retrieval
Symposium. June 1991, p. 1356

EXPERIMENT: A0138-4
COMMENTS: Inside sample showed slight shift in reflectance.0

Outside sample had a slight shift at the high end.0

E-46



* Appendix E, LDEF Photographs and Data References

* ~ANTIREFLECTING COH-TING ON GLASS
SUBSTRATE C81664)
2 faces coated

* RSM I TTANCE F L I GHT SRMP LES

1.0
0.9
0.9

%# .oo _]4 0#

Sa 
m* 0.935~ -- - .... -- si.

-0. 92 -w, -,post igh-

0.94 inside

0 0.92 ..-- ------- post f 1 preh-

- • Q.91- ----- pre-fi !ight _

---- L0. go L rr-rr -, --- -r rr outside

S440 560 680 800 920 1040 1160

-•-WAVE LENGTH (NRNOMETER)

__ Figure E.46. T'ransmission measurements for AR on B1664 Glass Mirror01

* REFERENCE: Charlier. Jean, Vacuum Deposited Optical Coatings
Experiment, LDEF First Post-Retrieval

* Sympxosium, June 1991. p. 1360
EXPERIMENT: A0138-4
COMMENTS: Inside sample showed a significant reduction in

transmittance at the blue end. Outside sample had
• a significant reduction at the blue end and a slight

reduction at the upper cnd.

S• E-47
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* App)endix E, LDEF Photographs and Data Reftrences

Par 2.Jn i19,) 9
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0
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0pedxE DFPoorah n aaRfrne

0
*~~~ ~~ Apeni E, LFFPoogah ndDt efrne

01

*A

) " , - .'

* ~ ~Al
kf~"-~

* t4 A.

* 'I. -- jV¶

0

RFig RENE Gy.5Oy Spir, Crlk alnd Blserospc on (AI2OV i)3/ Mirro
on0olshe 3S Substrae OsrainDt ae93

COMEMEENTS: ThretsmallS. impac.t crosatei, suroune b ocaize dF

cracking, are evident on exposed coating surface.
The coating is cracked in spirals at the perimeter of
(ihc exposure area. The coating appears to be
blistered in the vicinity of the spiral cracks.
Flakinig in the cracked region has revealed a

0 corroded and discolored residual surface.

* E-51



Appendix E, LDEF, Photographs and Data References

-0k0
WV0

dr0
rr0

f ý,k4

Fiur E51 Mcrphtorah f raedan DscloedAl, oain
on S')2 Sustrat

REFRECE Getay S. e a, crspce otortin D0
M000 Sarl Oberato DaaBse 93

Recor 463
EXIEIMEN: M()030

Figure E.51.e~ Mtrpotahe smoftrae srand Dihesuoloraed Alo Coatil

REERENCE:tv yofva Sndviual, blrostaer oor bubbnlDes 0r
disernbl Sin [licobsrating Thsefatare Bae. 1993

COMMNI'S Fiese fracte uresfwhch. Onlepsestbae temale impc

cralther ismooareth srflce efrthear subsrae Af smal

sample. A great deal of extraneous debris- is
present on the coating surface.
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Appendix E, LDEF Photographs and Data References

Al

' :1 ,

• m ,,.

Figure E.53. Particle-Containinated Surface of Solar Telescope lHigh Retiective Coating
(Electroplated An on MiAI)

R EIFER EN C..E: G yetv.'y, S., ct al., A er ospace Corl mOn ation W EFI ,
M0003 Sample Observatlion Data Base. 1993.

SRecord it1100.>07

EX Pi,'R IMENT: M000R3-6
COMMENTS: Small qduantify of deblris Te surfaice. No other

changes(aoe disceroiible.

E'-54
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-* Appendix E, LDEF Photographs and Data References

* Il

0 4t

NN

0 ~Figure EC.54. Contamtinationi Spots on Surface of Crazed MgF2 Coating oil Si() 2

SSubstrate

0
0
0

0 ~~~~RICFERENCIE: (iyctvaiy, S., et al., Acrospace opito IE
* ~M0003 Sainvle Observation Data B~ase, 1993.

Record 111128
EXPERIMENT: M"(X)3-2

..MME.NS: Entire coating is Crazed. A great deal of
extiraneous debris inicludinig fibious inatter and
metallic filmn tfugliielnLs is present onl surface.
There are three lage spots at debris on tle
spaceward side of theCsazpe where the coating is
moreSextensivelycazed.

0 these spots of debris.
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of' 2(XX and greaiter. Ilie surface is rela~tively
eteanl of debris.
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V Mli0

40

Figure E.57. Surface of Crazed MgF2 Coating on S'02 Substrate

REI'ERIECE: Gycivay, S., et al., Aerospace Corporation LDEF0
M0003 Sample Observat1ion Data Base. 1993,
Record # 1128

EXPERIMENT: M0003-2
COMMENTS: Entire coating is crazed. A great deal of

extraneous debris including fibrotis matter and
rnciaiiic film fragments is present on surface,
There are three large spots of debris on the
spaceward side of the sample where the coating is0
more extensively crazed. Thiere are blisters aroundS
these spots of debris.
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4W Ar

010 C0 .
WO

REEENE ***vay S., et al.~*, Aeopc -oMrtinLE

* ~M0003 Sainpie Observation Data Base, 1993,
Record # 1128

*EXPER[MENT: M03-
*COMME~NTS: Entire coating is crazed. A great deal of

extraneous debris including fibrous matter and
0 metallic film fragments is present on surface.
5 ~There are three large spots of debris on tihe

spaceward side of the sample where the coating is
more extensively crazcd. There are blisters around

* these spots of debris.
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0
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0 Narrow Band FIIter No. 2
Percent Transmission

* 60

Prelaunch
-48* I' 42
p
a.36

SC030 Filter under Al cover
D24*E

S"'12

6 Postrecovery

0
505 508 511 51,4 51 7 .520

Wavelength (nonorneters)

0
0
0
* Figure E.62. Pre-Launch and Post-Recovery Transmission of
* Corion Narrow-Band Filter #2 (Covered)

RIFERENCE: M.). Blue and D.W. Roberls, GTRI. Effects of
Space Exlx)sure on Optical Filters, Apprlied Optics.

* Vol. 31, No. 25, 1 September 1992, p. 5299
EXP'ERIMENT: S(0050-2
COMMENTS: Reduced transmission.

E0

0
0

0 E-•,3

i - .... ... . ....
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0

Neutral Density Filte:r
Percent Tronsrnissor

4 50

4.35 0
4 20 Postrecovery - -

c:
v~ 4 05

3.9 0
S3.750.

Ptrelaunch •

0c:o 04
330

.115
S oc, -)50 395 440 485 530 575 620 655 "'•i0 755 800

Wovelength (rianornelers)

Figure E.63. Pre-Launch and Post-Recovery Transmission of
Corion Neutral Density-Band Filter #6 (Covered)

RIFILRENU:E: M.). Blue. (T;tI. Ilvestigalioli of tier FTeCls of
LLEF oil Active Upfica! Sy:;,oem Colln rj nell( S,
Final Report

EXPERIMENT: S0050-2
COMMENTS: No change in transrmi;sion. (This figure i.;.As

prescted by the expcrinienter for bolth covered and
illlcoverCd neutral densily filters. For the covered
filtr, the transmission was uinichanged mti'd it s
transmlission curve overlays the pe•,launch curve
directly.)

1 -64
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* •Appendix E, LDEF Photographs and Data References

• Wide Bond filter
* ~Permut Trmmw~u

1 9 Prelawnct,

* 90 -

M o
~' FiltevCoweae

0 ~60

0 .~40

30

02 20

350 400 450 .5( 5W 600 650 700 750 800
Wmvlcnqit Cmnwiotefs)

* • Figure E.64. Pre-Launch and Post-Recovery Transmission of
Corion Broadband Filter #9 (Covered)

* REFERENCE: M.D. Blue, GTRI. Investigation of the .,Efl'ccts of
LDEF on Active Optical Syslem Componrents,
Final Report

• EXPERIMENT: S0050-2
C()IMENTS: No change in tiransmission. (Thiis figure is

presented by the cxperimenter for bx)th covered and
uncovered IR suppression filters. Filler #9 showed
little change in transmission and its transmission
curve overlays the prelauneih curve almost directly.)
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Appendix E, LDEF Photographs and Data References

UV 1216 FILTER FLIW.T SRIFLES 0
ON MQ2 SUBSTRATE

0.2 1ISMITTFN2E

0.15
0 . 1 0 -.... .. = , - = - -- -- ....-

p- re - 1g

0.15 inside

, A p re- f 1 i0gh •

1160 I20rI 1250 1300 13a50 1400•
AmVEpLENGTH (FtTROEt)

- •*

Figure E,.65. Pre.Launch and P<ost-Recovery Tr.ansmission of' Al/M9gF2
Optical Filter on MgF, Substrate (1216 Ai) (Covered)•

REFERENCE: Climber, J., Vacuun Deposited Oilica Coatings•

g p rmont, LDEF Fi-....., , .... -R ...... ,
-SynimsiU , Put 3.1). 1343

. I,:EXPERI MEFNT: A0138-4•-

COMMENTS: Reduced Irainsnitllalnce, hifl in celnier waivelengthi. -
-E-66 Stfob

_- • -

outid-pro-4ag-

0ie.O-rr--> •.scl
11 201 120 100 150 10



* Appendix E, LDEF, Photographs and Data References
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Appendix E, LIJ-F Photographjs and Data Reiireinces

243U UV F ILT. ER0
ON S 102 SUiSTFRRTL 0

FL. I G IT SflM LES
TRRNSM1ITTRNCE

0. 20

0.20 0

0. 15

U. 10 1 s d
V i'-pro-1 fl.ht

U. Ub
PoUsiL

D. 000U15 I

20O1U 22L00 240W 2GU0 21000

____- F67. Wf:IVLLLNG1TH (IINGSTRUCM)

Figure P.67 re-Launch and Po(st-Rectovi-'ery aiLsiiuissioni of AI/NMgF,
Optical Filter on Quartz Substrate (2430) A) (Covered)

REFE'lRP;N:E': (iharlier, J., Vacuumi IDposiied Optical Coatings
Exmperimnct. 1,D~I- First Posi-Re~ijeval
synilposiulil, I"a1 3. 1). 1343

I'XPICRIMEI;N: A0 138-4
CO( ) I NT ~IS: SH91 i gi dcUC1n1 ill traISi imIILance adlid Sift inl center

waveleng(Ii.
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* Appendix E, LDEF Photographs and Data References
0
0
0

0

0 
Narrow Bcrnd -iter No. I

Percent Traarrnusason

-3 2

124
*ý20 P4U)KCcV*ry

.. A
J16

* ~12

. * 4
082 483 4.64 4.5 464 41 488 489 490 491 492

Woew"th (manomters).

* Figure E.68. I're-Launch and Post-Recoven'y Transmission of
* (Corion Narrow-land Filter #1

0
0

0
0

O REFERENCE: M.D. Blue, GTRI, Invesligation of the Flffects of'
i)DEF on Active Optical System Components,

* Final Report
SiEXI'ERIMENT: S(X)50-2

COMMIFNTS: Reduced transmIission, center frequency shifl,
0 broadening of baludwidil.

E0
-0

0 [-69

0 . .iiii -



Appendix E, LDEF Phiotographs and Data References _

Narrow Banc F, iter' No "

--ercent Transmtission

400
Preiauncrn

2 30

25•
C0

1 D Postrecovery

628 630 632 634 636 638 640
wavetlngtn (nanometer3)

Figure E.69. Pre-Launch and iPost-Recovery Transmission of
Corion Narrow-Band Filter #3

JS

RIEFIlI" ACE: M.). Blue, (3TRI, Invesligation of the Flfccts of

LDEF on Active Optical System Compoienels, S
Final Rexprt

E'XIERf MI'N'': S(X)50-2

COMMENTS: Reduced t-mismission, center frequency shill. S
bIroadenhig of handiwidilth.
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Narrow dana Fiter No. 5
Percent [ronsm,ssion

50 1 Preiaunchi

540/

30 200
;o Rostrecavery

0
530o _25 540 545 550 5:55 560

WovelenqMl (nanametersi)

Figure E.71. Pre-Launch and Post-Rectivery Transmission of
Corion Narrow-Band Filter #5

R EFER E N C : M.T Blue, GTRI. Investigation of the 2ýffccts oiý
LDLF onl Aclive Optical1 SyStcml Cornponcents.

EXPEI NINT: Final Repoli
EXIT'.MENT: SG05C-2

COWUTh4NTS: R~educed transmission, cenicr fr-equciicy sFiift, nlo0
;ippreciatbl broadcening of bandwidth.

E1.72



* Appendix E, LDEF Photographs and Data References

0
0
0
0

Neutroa Density Filter
Percent IrQns-mission

* 4 50

S4 35

-4 20 Postrecovery

u0 4 05• •3.90*c
0 /.5

* 3.6c) PrelaunCh

- 3 30

3.15
3 00 • ' - ' . . • . .350 395 440 485 530 575 620 665 710 755 800

Wovelenquh (nonometers)

0

0

0
0

0 Figure E.72. Pre-Launch and Post-Recovery Transmission of
O Exposed Corion Neu*., Al Density Filter #6

0
C

- IREFERENCE: M.D. Blue, GTRI, Investigation of the EffeeLS of'

0 •)LDEF on Active Optical System Componenws,
Final Rep-rt

EXPERIMENT: S0050-2
COMMEfNTS: Inr'•se in transmittance.

0E-730
0

*
* _ _ _ __



Appendix E, IDEF' Photographs and Data References

0
Wide Brnd firter0

Percent Traonsmission

S700

S• ,, / Filter Covered60

2 50
'� � 0Lxposed To Space

•: 40 ,

&30-
20

0 IJ
00

0350 400 450 500 550 600 650 700 750 800 0
Wavelength (noaometers)

Figure E.73. l're-Launch and Post-Recovery Transmission of Wide-Band
Corion Filters #8 (Exposed) and #,9 (Covered)

0

REFERENCE: M.D. Blue, GTRI, Investigation of [he Effects of
LDEF on Active Optical System Components.o0
Final Report

EXPERIMENT: 50050-2
COMMENTS: No shift in filler wavelength characteristics.

Transmissioni and long-wave reflectance degradcd.

E-74

0m
S.. . . . . .. .i i iI Ii -0



- Appendix E, LDEF Photographs and Data References

0
0
0
0

Neutral Density F;ilter
Percent Transmission

1 4 50

S4 -,5

-4.20 Postrecovery .

0.9
• • .75

3.60 Prelaunch

r.345330

3.15S• 3000- 350 395 440 485 530 575 620 665 710 755 800

Wavelength (nanorneters)

0
0

* Figure E.72. Pre-Launch and Post-Recovery Transmission of
* Exposed Corion Neutral Density Filter #6

0
0
0
0

REFERENCE: M.1). Blue. GTRI, InvCstigation of the Effects of
SLI)EF on Active Optical System ('C0omponels,

Final Rel)irl
,X PERIM ENT: S(X)50-2

0 COMMENTS: Incremet in toansmittance.

0
0
0

0'
0•0 -. _ __ -- _ _ - ____3_ _
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90

800
700

Wide iand fCeter•
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PEir,. t To ,S c /
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' 20•
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350 400 450 500 550 600 650 700 750 800
Wavelength (nonom'eters)•

Figure E.73. lre-Launch and lost-Rcovery Transmission of Wide-lana-

I "- llI0

REFERINCE: M.D. Bluec, GTRI, Investigation of the Effects of
LDEIý oil Active Optlical Systemn Components,•

EXPRIMLN: Final [Zelx)rl•
I';XPRI Mi'.'NI': (X)50-2

.. •COMMIN'IS: No shift in filtetr wavelength chauacteristics. •
Transmission and long-wave refl0clance degraded.

0E-74
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* Appendix E, LDEF Photographs and Data References

UV 1216 FILTER FLIW'-T ;fI-WLEý:
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*Figure 14 .74. Pre-L~aunch and iPost-Recovery Trantiziissioti of 1Cxjposcd
AI/NMgF, Optical Filler on MgF2 Substrate (1216 A)

REEIRE~NCE: Clalc.J., Vacuium IDepositcd Opt ical (io.U ings
1bxperimcnt. 1,1)I J., F Vrst I[m Ii- Rctzi Icv

*sympolsium~l, 1Par 3.1p. 114 1
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Appendix E, LDEF Photographs anid Data Referenices0
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ON M9F2 SUBSTRFIII

LX~TRRNSMITI1FICL ...

0. 15

o.10

0. O0

pre- f I i .j-it
(tCinsid0

12W~~~~[->, 13( f40 I50 iW 170 t~10020

'4AVL~~~o tY(T sFGTOI1 0
Figre .75 I'c-Lunh ad P~t-L~O~ryTrIIS~hiSI~l o Eprse- g

AINg' .pia 0ite o1 T'F cusrt (120 A

Figre reLauchand Pot. LMLI- TJ-IrSIiSI I Of EXctI)OvAl

S Vill poSiiuml I'mi 13. p). 1343
EILRXI IEkI N T ' : A01.I384-4
4 A NiiE'NI'S: RcdUCC(d [IranSIllit1:11uCC. -ShilI i c ni CC)er WaveIClegth.0

E* - 70



* Appendix E, LDEFY Photographs and Data References
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* ~~Figuro KC76. lPre.Lauiich and l1(kst-Recovery TI'ansianissiolI of ,xl~xI)sed
* AI/NMgF 2 Optical Filter on Quartz Substrate (2434) A)

RLEFE~RENCEI~: Owfc.J.. ViaCUumI [)I-)Si((siu1 0)inCal COtinlgS0 lFxpminlkIcnt L)EF First PostLRuetnmvaI
Symposium P.ut 3.1p. 1343

ICXPE'RI ENTIN: AO) 13 9-4
COMM ENIS: Si ighl reduction n rn ii ne n shifti ill Ccc'

0aeegh
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Appendix E, LDL'I'Plwtogruphs and Data Refrrences

I.DEI Filter No.. I
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N
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b

4(X) 420 4 4L 443 430 bL0 .O 6;0 643 IQ w 30 0ý0

WAVELL-NG-11 (NM)0

Figuire E.77. IPre-a~uIncl anid lPost-Recovery T'ransmnissioni of ZnSlCryolite/
Silver oil Fused Silicai (Cemented With Epoii 828)

Nicasi ic iicei s ofl I 1a violet and V is iet
Wavolengilgill ers H ow I Abowrd 1D'.11l LDIF)i
Filst I 1051R i{ im~InCv S yin o um Par in I t 3. p). I 51I

EXPERIMEINT: AO)- 1,470
COMMEN T IINIS: Reduc iion in Iinlismi I a ice.
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*Figure E..78. I're-Lauiicl anid Plost-Recove~y 'I'raniisiiissioii of ZtiS/Cryolitel
* ~Silver on Fusedl Silica (Air-Spaced, No Cement)

R~FE;RENCE: Mooney, TA., and Smailk iewicz, A.. Tranlsmillaiice
MemiSICIuremets of U tai ole i and Vi Si hi

* ~~Wuevcicgtli Filters Flown Abomud 1.)IF)U. L
Fist lPust-RefrievaI Symnposi umn. Part 3. p. 1511

0 EXPI)AIMNTf': AO- 147
COMM NIENTIS: Reduction in L-ansmnillance and slight shif Ii n center

wavelenigth.
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* Figur'e F.X80. i're-Launch anid l'o)st-Rccover-y l'runismissioii of ZrO2 /Cryolite/
Silver on Fused Silica (Air-Spaced, No (Cenicidt)

* ~~~Wavolcngi h Films Flown AbNoard LDI AH.. I
Firsi Pom-RL'Irie.'al Symiposiumi. Part 3,1). 1511
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C(OMMENT~N'S: Redcedic t1asilaie
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Append1ix E, LDEF Photographs and Data Re-frren-1ces
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Figure 12.81. Pi'e-Latuiich and IPost*.11ecovery T1ranxsmiission of Z/iST 1 4
on Fused Silica (Air-Spaced, No Cemteni)

R~FECRENCE~: Mooney. 1 A.i id Smnijkiewicz. A., Transmlittwnce
Measore if]I lUhraioi iut ad VisibleS

Wavelength Filters Flown Alx:u-d tALI F. 1. )EF
F irst Post-Retrieval S ympos)~I iumf, Part 3, 1). 1 511I

ExPE'RIMEI'NTI: AO- 147/
CONINII'TS: Slight decra~se in Lransunittnce newr center

wavelength. S light increase in transmnittance nem,
bluer wavelcnguhis (apparent reduction in extinctint

C(XIIICicit of,1 Z1s ).
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* I~~~'igureI' E.82. I'ic-Iauiicl aid IPost-Recovery T'ranasmission of ThlF 4/( 'yolite
on Fused Silica (Air-Spaced, No C~ement)

RFR E~~~INCE: Moonecy, T.A.. and Smnajkiewicz, A. '1raisouittawce
0 rvNMSicAUCsiiiiciS 01 U11 lI\'I():) 11d V isihl
* ~~~Wavecngitti Filiers Flowni Aboard 1.1 1i. .)LDF

F~irst Pst-R'Iirival Sympoj)siumI, hut 3, 1). 1511
* EXPI'RIMNUIN: A-4

( ( MENT1I:r~'s IncIC;LSC in tiansinitlanic (due lo p~inhloles mn soII)C
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Figure E.83. Pre-Launch and Post-Recovery Transmission of PbF2/Cryolite
on Fused Silica (Air-Spaced, No Cement)

REFERENCE: Mooney. T.A., and Smajkiewicz, A., Transmittance -
Measurements of Ultraviolet and Visible
Wavelength Filters Flown Aboard LDEF, LDEF
First Post-Retrieval Symposium. Part 3, p. 1511

EXPERIMENT: AO- 147
COMMENTS: Reduced transmittance (due to increased absorption

in the lead compound).
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* Figure E.84. Pre-Launch and Post-Recovery Transmission of PbF 2/Cryolite
on Fused Silica (Air-Spaced, No Cement)

REFERENCE: Mooney, T.A., and Smajkiewicz, A., Transmittance
-- Measurements of Ultraviolet and Visible
* Wavelength Filters Flown Aboard LDEF, LDEF

First Post-Retrieval Symposium, Part 3, p. 1511
SEXPERIMENT: AO- 147

* COMMENTS: Reduced transmittance (due to increased absorption
in the lead compound).
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LDEF Filter No. 10

. ...--- ....----N ceaI dKkctIK bckwg c~m

45- ryii. i~ 0
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Ti
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N30-

1 25 _ _

7 0 Beforet Exposure
A 15- After Exposure

E

00

WAVELENGTH (NM) _____________0

Figure E.85. Pre-Launch and Post-Recovery Transmission of ZnS/Cryolite/
Silver on Fused Silica (Cemented With APCO R313)

REFERENCE: Mooney, T.A. and Smajkiewicz, A., Transmittance
Measurements of Ultraviolet and Visible
Wavelength Filters Flown Aboard LDEF, LDEF
First Post-Retrieval Sympo~sium, Part 3. p. 1511

EXPERIMENT: AO- 1470
COMMENTS: Slight reduction in transmittance,0
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- a
*

Figure E.86. Pre-Launch and Post-Recovery Trans-nission of Low Index Ratio

0 Quarter-Wave Blocking ZnSe/ZnS/KRS-5 on KRS-6 Substrate

0
=0

*REFERENCE: Hawkinis, 01., Seeley, John S., Hunnieman, R.,
Exposure to Space Radiationi of High-Pcrfoi-mance

*hinfrared Multilayer Filters and Materials
* Technology Experiment. LDEF First Post-Retrieval

Symposium. p. 1477
*EXPERIMENT: A0056
*COMMENTS: Reduced transmission.
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0

REFERE__.CE: ,Hawk, G.0., S O --

Exosr to Spc Raito ofHg-efrac

Symposu, p. 147

0-

E-88

L.pCdSpl(i elesjllrl., 0 O

,.a,•" -0

0

5- U-
II 0

lEE E CEeakns 0 .. l en ieleya Johna S.0unm n .

FiueExp r-auc n osu~retovr TransmRaission of Ptih-e/ZnSmoncGe Susrt

Infrared Multilayer Filters and Materials
Technology Experiment, LDEF First Post-Retrieval•

Symposium, p. 1477•-
EXPERIMENT: A0056
COMMENTS: No significant changes in transmission or spectral•

position.
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S
0

* I

:: .. '2 k VIDI.rI£rQ ,,_SA0

O ee-,"Exposue• t-z o ~$o Spae lRadiation of ig-Prfrmnc

C.- I•

*0.6•

0

_0
*O Figure E.88. Pre-Launch and Post-Recovery Transmission of PbTe/ZnS 8-12 crm

-• • Tschebyshev Edge Band.Pass Filter (Antireflected) on Ge Substrate

OREFERENCE: Hawkins, GJ., Seeley, John S., Hunneman, R..
Exposure to Space Radiation of High-Performance

* Infrared Multilayer Filters and Materials
Technology Experiment, LDEF First Post-Retrieval

*Symposium, p. 14771

* EXPERIMENT: A0056 [
OCOMMENTS: No significant changes in transmission or spectral

position.

S~E-89

0

0



Appendix E, LDEF Photographs and Data References
0

R E N aw , , -I J

JInfare Mu 4]•o, SlZ• l tlaer~yh. ¢l Filters n aeil

E-90

_-j.0.. *P. O iO 90 0 700 .

"p.-,, 0-

flP710. 0 'eO.U PI. 0 .0 64.00- O1qIi S €a~

... __ Figure E.89. Pre-L~aunch arnd Post-Recovery Transmission of PbTe/ZnaS on Ge Substrate
1l4 .5 pmn 0.7% HBW Split-Spacer Fabry-Perot Band-Pass Filter

SREFERENCE: Hawkins, GJ Seeley. John S., Hunncman, R.. al
Exposure to Space Radiation of High-Performance•

S~infrared Multilayer Filters and Materials•
, Technology Experiment, LDEF First Post.-Retrieval0
S~~Symposium, p. 1477•

SEXPERIMENT: A0056•
SCOMMENTS: No significant changes in transmission or spectral

-• ~position. •"
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0
820 NR INTERFERENCE F ITER
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-. • • Figure E.90. Pre-Launch and Post-Recovery Transmission of ZnS/Chiolite -
• ~on BK7GI8 and RG780 Classes (820 nmn Interference Filter)l

•REFERENCE: Charlier, J., Vacuum Deposited Optical Coatings
Experiment, LDEF First Post-Retrieval:Symposium, Part 3, p. 1343

0 EXPERIMENT: A0138-4
COMMENTS: Slight reduceion in transmission ard slight shift of

* ocenter wavelength to blue.
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S"

i. .<" tt

~. j ~ ~ ~ **C* ". ~ ~ ~ ,d -J' P

~*, ,*. ) ~ * ~ .. i.aa,. *v:

V'

5 Figure E.92. Hazed And Corroded Surface of Low Scatter Ni Mirror

*REFERENCE: Gyetvay, S., et al., Aerospace C loraomion LDEF
* M0003 Sample Observafion Data Base, 1993.
__ Record #58

W EXPERIMENT: M0003-11I

*COMMENTS: Many spots of corrosion on the surface are
s'irroundAd by zoncs of discolored material.
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0

.. . .. .. ••. . ,+7 'K, 5•+•% +, •+,+ -++.+,

-A

':0^

Figure E.93. Corrosion -Decorated Grain Boundaries in Surface of
Diamond-Turned Copper Substrate

REFERENCE: Gyetvay, S., et al., Aerospace Corp~oration LDEF0
M0003 Sample Observation Dat.. Base, 1993,
Record #t13 5

EXPERIMENT: M0003-2
COMMENTS: Sample appears hazy when viewed at a glancing

angle. There are many spots of corrosion,
especially where extraneous matter had contacted
ihe surface. Grain boundaries are apparnti in the
copper surface; in some areas, these appear
decorated with residue. There are two rectangular
patches apparent on the surface where something
was placed on the surface preflight. The residue
from a preflight fingerprint is near the sample
center. Discolored residue 13 present near the
perimeter of the sample where TFE tape, used as

a liner around the sample, protruded onto the
surface.
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*_

*Figure E.94. High Magnification View of Corrosion Spots on Surface of
* Diamond Turned Copper Substrate

REFERENCE: Gyetvay, S., et al., Aerospace Com~ortion LDBF
* M0003 Sample Observationi Data Base, 1993.
* Record # 1136

AEXPERIMENT: M0003-2
WCOMMENTS: Sample appears hazy when viewed at a glancing

* angle. There is a great deal of extraneous debris
on the surface, largely consisting of metallic filmn
flakes. The cxposed surface appears darker when
viewed at normal incidence. particularly around the

0 perimeter on the spaceward side.
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Figure E.97. Diffuse Reflectance Spectra of In2OJAIA1203 Coated
Quartz Crystal Microbalance, LDEF Leading Edge

REFERENCE: Stuckey, W.K.. Radhakfishnan, G.. and Wallace.
D., Post-Rlight Analyses of the Crystals from the
M0003-14 Quartz Crystal Microbalance
Experiment. LDEF Second Post-Retrieval
Symposium, p. 1269

EXPERIMENT: M0003-14
COMMENTS: For all crystals, there is an increase in average

reflectane with hicreasing wavelength. Positions0
of the wavelength maxima and minima in the
interference patterns are shifted negligibly.
Leading edge material (D9, active) showed nearly0
identical modulation amplitudes.

E-980
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* ~Figure E.98. Diffuse Reflectance Spectra of In2OJAi/Al 2 3 Coated
* Quartz Crystal Microbalance, LDEF Trailing Edge

REFERENCE: Stuckey, W.K., Radhakrishnan, G., and Wallace.
* D., Post-night Analyses of the Crystals from the
*M0003-14 Quartz Crystal Microbalance

Experiment, LDEF Second Post-Retrieval
Symposium. p. 1269

*EXPERIMENT: M0003-14
COMMENTS: For all crystals. there is an increase in average

reflcctance with increasing wavelength. Positions
of the wavelength maxima and minima in the
interference patterns are shifted negligibly.

* Trailing edge material (133, active) experienced
amplitude modulation in uncorrected diffuse
reflcctancL, (probably due to thickness
illtereferenlce).
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e
Figure E.99. Diffuse Reflectance Spectra of ZnS/AI/Ai2 03 Coated 0

Quartz Crystal Microbalance, LDEF Leading Edge -

0

0
REFERENCE: Stuckey. W.K.. Radhakrishnan. G., and Wallace,

D., Post-Flight Analyses of die Crystals from the O
M0003-14 Quartz Crystal Microbalance 0
Experiment, LDEF Second Post-Retrieval
Symposium, p. 1269 0

EXPERIMENT: M0003-14 0
COMMENTS: For all crystals, there is an increase in average

reflectance with increasing wavelength. Positions 0
of the wavelength maxima and minima in the 0
interference patterns are shifted negligibly.
Leading edge material (D9, passive) showed 0
significant modu!ation amplitudes over entire 0
wavelength band.

0
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* Figure E.100. Diffuse Reflectance Spectra of ZnS/Ai/A120 3 Coated
Quartz Crystal Microbalance, LDEF Trailing Edge

0

REFERENCE: Stuckey, W.K., Radhaklishnan, G., and Wallace,
* D., Post-Flight Analyses of the Crystals from the

M0003-14 Quartz Crystal Microbalance
Experiment, LDEF Second Post-Retrieval

* Symposium, p. 1269
EXPERIMENT: M0003-14
COMMENTS: For all crystals, there is an increase in average

reflectance with increasing wavelength. Positions
of the wavelength maxima and minima in the
interference patterns are shifted negligibly.

STrailing edge material (D3, passive) experienced
amplitude modulation in uncorrected diffuse
reflectance (probably due to thickness

0 intereference).
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0-

0

0-

Figure E.101. Microfractured and Contaminated Mark .IE Coating on 7940 Covergass and

REFERENCE: Gyetvay, S., et a p., Aerospace Corporation LDEFM0003 Sample Observation Data Base, 1993, "
Record #169 -

EXPERIMENT: M0003-41

COMMENTS: Long, fine fractures through the coverglass emanate 0 t-
from impact craters in the surface. Fracturese
intersect defects in the coating swface. Blisters or
droplets of condensate appear on the surface along 0
the fractures. Coating is microfractured and
flaking at the perimeter. Some large ruptured and
unruptured bubbles appear in the coating. A
coating or stain film on the reverse surface of the
coverglass appears to have ruptured. The reverse,
unexposed surface of the silicon wafer is silver- 0
coated and is corroded and flaking. 0 •

0-

0"
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0
0

0

0

•W.

0

o

0 Fiur E.02 Mcohtg hoHaean Cnam aed Mar "Eotigo

0q

0 7940 Coverglass
0

F REFERENCE: o yeovay, S., et al., ACrospace MCrporation CaDEF

SM0003 Sample Observation Data Base, 1993,
Record #168

* EXPERIMENT: M0003-4
ki COMMENTS: Long. fine fractures through the coverglass emanate

from impact craters in the surface. Fractures
4)• intersect detects in the coating surface. Blisters or
* droplets of condensate appear on the surface along

the fractures. Coating is microfractured and
* flaking at the perimeter. Some large ruptured and
0 unruptured bubbles appear in the coating. A

coating or stain film on the reverse surface of the
* coverglass appears to have ruptured. The reverse,
[ 0 unexposed surface of the silicon wafer is silver-

coated ind is corroded and flaking.

0
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i Figre E.05. mpactCra or, f.25lm onather invs surface of Bare 7940gas is egls

REFERENCEppGyentvyS., et revrs, unexpospaed surfoaceiof thDeF

SCOMMENTS:lFront surfaer apei s siv r-coatiely caend iCordedpt and

flaking.
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Figure E.109. 934 Epoxy/T300 Graphite Leading Edge

0[

REFEIREINCE: George, Pete E., and Hill, Sylvesier G., Results
From Analysis of Bc~intg Coinmposite Specimens
Flown on LDEF Experiment M0003. LDEF First
Post-Retrieval Symposium, June 1991, p. 1133

EXPERIMENT: M0003-8
COMMENTS: Loss of material due to atomic oxygen exposure.
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!0

0 TYPE G1.2 (Al co,• 91) TYPE •1W 2 (AI coaia')
* 100 ,,II~ J

Fis PotRtrea Sypsim Jun 191 p.

0 ..... . .-. E -11 1
"-- ~II[I' .

0 0650 0 650 rim

S 0 TYPE WI .2. Al coaled)
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* TI l Il

IO Figure E.110. Al-Coated Efficiency Curves

0

0

S•REFERENCE: Bonnernason, Francis, Ruled and Holographic
Diffraction Gratings Experiment (AO 138-5), LDEE

*O First Post-Retrieval Symposium, June 1991.,p

1301
*EXPERIMENT: AO 138-5

*• COMMENTS: Efficiency loss was less than 10 percent.

0

0
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TYPE HI.2 & WI 2 (Pt coae)

wavew htt 58.4 744 121.6
(rim)
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Figure E.111. Pt-Coated Efficiency Data 0

REFERENCE: Bonnemason, Francis, Ruled and Holographic
Diffraction Gratings Experiment (AO 138-5), LDEF
First Post-Retrieval Symposium, June 1991, p.
1301

EXPERIMENT: A0138-5
COMMENTS: Reflectivity loss was less than 2 percent.
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Figure E.113. Composite Materials Mechanical Test Results

REFERENCE: George, Pete E., and Hill, Sylvester G., Results
From Analysis of Boeing COMpOsite SDccimens
Flown on LDEF Experiment M0003

EXPERIMENT: M0003-8
COMMENTS: Pre- and post.-flight tensile strengths are similar but

below expectations.
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0
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o Figure E.114. Thermal Control Generated Transmission Loss: UV Window

0

0
0

u REFERENCE: Linton, Roger C.. Kamenetzky, Rachel R.,

* Reynolds, John M., and Burnis, Charles L., LDEF
Experiment A0034: Atomic Oxygen Stimulated

*• • Outgassing. LDEF First Post-Retrieval Symposium,
• •June 1991, p. 779

EXPERIMENT: A0034
COMMENTS: Contamination severely degraded transmission.
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